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SECTION I

INTRODUCTION

This program was divided into three phases. The purpose of Phase I was
to expose and overcome the major problems associated with the effective use
of superconducting coils in pulsed inductive energy storage systems operating
at high pulse repetition rates and, after having done so, to produce (1) a
detailed design for an experimental 100 kJ stored energy system capable of
being operated at a repetition rate of five pulses per second and (2) a con-ceptual design for a lightweight airborne system with similar performance.

Phase II consisted of building the 100 kJ experimental system, and Phase

III consisted of testing and evaluating it.

Phase I was carried out during the period 1 April 1971 to 17 April 1972
k and consisted of complementary analytical and experimental studies. The work

carried out during this phase is described in detail in Technical Report
AFAPL-TR-72-38, Volumes I, II, and III, December, 1972, but for the conve-
nience of the reader is summarized below.

The analytical studies were divided into the following specific tasks;

cifi(I) A parametric study was made for each of the systems A through E spe-

c4,f4,,1d in the wok, stLatemenit Of t subject contract pius 360 other systems
ranging in energy storage capabilities from 10,000 joules to 10,000,000

* joules, with output pulses ranging in duration from 10 microseconds to 400
* microseconds, and with total numbers of pulses ranging from 300 to 30,000

pulses. In each case, the system was optimized for the minimum overall i
weight.

(2) A study was made of the requirements for the superconductor to be
used in each of the systems studied. In this study, special cognizance was
taken of the thermal environment in which thle conductor would be operating.
The losses for conductors of various sizes and configurations were calculated.
A determination was then made of the present day availability of these conduc-
tors. Only those conductors that could be fabricated with present-day tech-
nology were utilized in the designs presented in this report.

(3) An investigation was made of the requirements for both the main and
auxiliary circuit switching elements for the 100,000 joule systems. A survey
was then made of the current availability of components to meet these require--
ments. This survey resulted in the selection of a linearly actuated high
vacuum switch for the main circuit and a mercury ignitron for the arc quench
circuit. Several different available components were -found that were suitable
for use in several of the different circuit configurations considered. The
mercury ignitron was selected only because of its proven reliability when used
in the arc quench circuits of an experimental system built and tested during
this first phase of the program.

In addition to the switches mentioned above, a study was made of alterna-
tive methods of switching the main circuit. This study resulted in the con-
ceptual design of a rotary actuated switch that makes use of the magnetic

1



field of the energy storage coil to help extinguish the arc and decrease the
switch losses.

(4) An analysis was made of the losses that could be expected in the
power leads connecting the coil to the external circuits and in the walls of a
metallic dewar, should such be used in the system.

The experimental studies were divided into the following specific tasks:

(1) An evaluation was made of likely ca.gdidates for materials suitable
for the construction of a non-conducting dewar. Tests were made to determine
tensile, compressive and shear properties of various structural materials and
epoxy cements. Based on the results of these tests, a model vacuum shell was
built and tested. Thp shell exhibited sufficient strength to withstand the
external pressure loa,.ing encountered in vacuum applications. Vacuum outgas-
ing rates and helium diffusion rates were measured and found to be satisfac-
tory. Three model dewars were built and tested at room and cryogenic tempera-
tures. Based on these tests, a hand laid up polyester fiberglass laminate
was selected for tne room temperature outer container of the dewar, and an
epoxy fiberglass laminate, similar to GIO, made by a high pressure, high tem-
perature laying up technique was selected for the inner helium temperature
container of the dewar.

(2) Evaluation tests were P.ade on conductors deemed suitable for use in
pulsed systems. Two basic conductors were considered. Both were niobium
titanium copper composite superconducting wires having a diameter of 4.5 x
10-0 inch. One had a s-•.fiI fiI amen.t. of niobium titanium with a copper to
superconductor rati,, of 1.4 to 1, and the other had 121 filaments of niobium
titanium with a copper to superconductor ratio of 3 to 1. Flattened tubular
braids consisting of 48 wires were made from each of these conductors.

Two 1 kW nominal stored energy coils were built, one from each of the
braids described above. They were pulsed repetitively at a repetition rate of
five pulses per second. During these pulsed tests, measurements were made of
the energy dissipation in the windings caused by the changing magnetic fields.

A 7 kJ nominal st)red energy coil was built from the braid composed of
single core conductor. This was also successfully tested under pulsed condi-
tions.

(3) Tests were made on a smaller model of the high vacuum switch selec-
ted for use in the 100 kJ system. This switch WdS operated at a rate of five
pulses per second for over 7,000 cycles and at one pulse per second for over
3,000 cycles. During this period, no deterioration was noted in the switch
performance.

The results of the analytical studies arid the experiments conducted on
model dewars and coils during Phase I of this program indicated that:

(1) energy storage coils could be built which would operate at repeti-
tion rates of up to five pulses per second at high fractions of the
coil critical current,
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(2) dewars, which would have acceptable heat leaks, outgasing rates, and

helium diffusion rates, could be built from non-conducting materi-als, and

(3) vacuum interrupters could operate reliably at high repetition rates
for some thousands of cycles without deterioration in performance.

It also demonstrated the validity of designing coils of larger size from data
generated by carefully designed and tested smaller coils.

Based on the results of the Phase I studies, designs for an experimental
100 kJ stored energy system and a conceptual lightweight flight system were
produced.

This report describes details of the construction and evaluation of the
IC KJ energy storage system, but sufficient information concerning the work

- carried out during Phase I of the program is given to provide a logical
se, :ence of events from the program's inception to the testing of the 100 kJ
coil system. The work was carried out during the period May 1972 to April
1975.

The report is divided into two technical sections, together with a number
of appendices. Section II deals with the design of the system; and Section

. III, with the evaluation of the coil.

The system can be divided into four major subsystems: (1) the switching
and control circuitry, (2) the non-conducting dewar, (3) the vapor-cooled
leads, and (4) the 100 WJ coil. A subsection is devoted to each of these
items.

The electrical circuitry is described in Section 11-2, Switching and Con-
trol Circuitry. The requirements were to charge the coil to 2,000 A, to
interrupt the current and allow the coil to discharge at a variety of dis-
charge rates and discharge voltages, and to provide protection against vari-
ous types of equipment failures or operational errors. A mechanical timer was
used to control the charge time of the coil when powered by a set of submarine
batteries. At the end of the charge time, the control circuitry commanded the
hydraulically powered vacuum interrupter to open. As it opened, it mechani-
cally. tripped mi.o.... which fired a spark gap and activated the arc
quench circuit, thereby forcing a current zero in the vacuum switch and extin-
guishing the arc. A contactor acted as a back-up circuit breaker in the event
thaL the vacuum interrupter failed to break the current. The coil discharged
into a resistor bank consisting of a number of high power carbon resistors
whose resistance could be varied to suit the requirements of the experiment.

The non-conducting dewar is described in Section 11-3, Non-Conducting
Dewar. This section begins with an explanation of why a dewar made of non-
conducting materials is nccessary in a pulsed system and continues with the
rationale behind the choice of a vacuum space containing powdered insulation
as opposed to a cryogenic radiation shield. It goes on to summarize the
results of the non-conducting materials investigation (including the tests on
model dewars) carried out during Phase I of this program and gives the reasons
which led to the choice of an outer shell consisting of hand laid up polyester
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fiberglass and an inner shell consisting of an epoxy fiberglass laminate made
by an autoclave process.

A description of the 100 kJ coil non-conducting dewar is given next, to-
gether with a detailed exposition of the predicted performance. This is fol-
lowed by details of tests performed on the dewar and a comparison between the
predicted performance and the experimental results. The agreement between the
predicted and the measured performance confirms the validity of the design
techniques.

Finally, a summary of the conceptual lightweight non-conducting dewar is
given.

The vapor-cooled leads are described in Section 11-4, Vapor-Cooled Cur-
rent Leads. The section begins with an explanation of the necessity of vapor-
cooled leads as a means of minimizing the heat leak into the dewar and a
description of the compromises which must be made when using vapor-cooled
leads in an experimental pulsed system. The following two subsections deal
with cryogenic and high voltage design aspects, respectively.

In the cryogenic aspects subsection, an explanation of the principles
involved is given together with a summary of the results of an analysis con-
ducted during Phase I of the program concerning the effect of additional boil-
off (e.g., due to coil losses) on the lead design. The subsection concludes
with a description of the leads actually constructed for the 100 kJ coil and
their predicted boil-off as a function of coil current.

The high voltage design aspects subsection describes the problems of
operating current leads in an environment of helium gas which has very poor
breakdown characteristics and goes on to deal with the measures taken to
ensure that breakdown between leads does not occur. It was concluded that in
the low temperature region of the leads towards the liquid helium surface
breakdown would not occur. However, in the warm region near to the lid of the
dewar where the leads pass through the open-cell-foam neck plug, firm conclu-
sions could not be drawn because of the lack of data concerning the properties
of helium-permeated foam. It was, therefore, decided to do an experiment with
a full-scale model of the leads and foam in the region of the dewar lid. This--

experiment is described. It was found that no breakdown occurred at inter-
lead potentials of 50 kV (the maximum voltage available with the existing
power supply). Later experiments on the leads in the 100 kJ coil system indi-
cated that breakdown occurred at a voltage greater than 50 kV and less than
63 kV, consistent with the results of the experiments made on the model.

The design of the 100 kJ coil is described in Section 11-5, 100 kJ Coil
Design. The section begins with an explanation of the design compromises
which must be considered in designing and building a lightweight superconduct-
iny energy storage coii capable of being pulsed rapidly with short discharge
times. Next are described the influences of various parameters on the system
weight, and an explanation is given of why a low field, large bore coil gives
a minimum weight system. The influence of wire size on system weight is dealt
with in detail, and examples of the variation of the system weight with wire
size are given.
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Next follows an extensive summary of the results of analyses carried out
during Phase I of the program, concerning the effects of transient heating on
coil performance. It is concluded that the cooling channels are ventilated
well enough that they will not choke with helium gas but that under certain
circumstances (operation at high fractions of the critical current for long
pulse train lengths) the conductor may not cool sufficiently between pulses,
and that this might lead to the coil going normal. This effect was observed
in tests on one of the model coils.

The following subsection considers the conductor- requirements in light of
the preceding analyses and concludes that the best conductor configuration is
one which is a braid (which has a large cooled surface to conductor volume
ratio) consisting of individually insulated conductors with as small a dia-
meter as practically possible (to minimize the heat generation per unit volume
of conductor when operated ur.der transient field conditions). The section
concludes with summaries of analyses carried out during Phase I concerning the
implications of breakage of individual strands within the braid on coil per-
formance.

Details of the construction of the two 1 kj nominal stored energy model
coils and of the 7 kj nominal stored energy model coil are described in the
next subsection.

The final three subsections describe electrical and magnetic aspects,
high voltage aspects, and mechanical aspects of the 100 kU coil design,
respectively. The reasons are given for selecting two braids, each contain-
in9 144 strands wound in parallel for the conductor; for supporting each
layer of windings individually with epoxy/glass structure; and for choosing
kapton H film interlayer electrical insulation.

Section I1l, Coil Evaluation Program, describes the experiments carried
out on the model coiis and on the 100 kJ coil.

The series of pulsed tests on the model coils, which consisted of charg-
ing the coils to various fractions cf the critical current in about 0.2 s
and discharging in times between 4 ms and 0.2 ms at repetition rates of one
and five pulses per second, are described in Section 111-2, Limits of Perfor-
mance. These tests- as indicated above, confirmed the validity of the analy-
ses concerning the effect of transient heating within the windings. The 1 kJ
nominal stored energy coil mode from the single core conductor could be
operated at a repetition rate of five pulses per second at a charge time of
0.167 s and a discharge time of 4 ms with an inter-pulse time of 25 ms to 0.89
of the coil critical current for pulse train lengths in excess of one minute
without quenching. Also described in this section are the tests conducted on
the 100 kJ coil.

Section 111-3, Theory of Losses in Pulsed Coibs, describes the various
losses which may be present in a superconducting coil when operated in a
pulsed mode and gives expressions whereby the magnitude of these losses may
be calculated. Appendix I, Predicted Losses in Superconductors, gives the
derivation of some of these formulae.
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Section 111-4, Loss Measurement Methods, describes two techniques by
which these losses may be measured. The first, the helium boil-off method,
consists of measuring with a gas meter the quantity of helium boiled off dur-
ing a train of pulses. After allowance has been made for heat input from
sources other than from within the coil windings, the quantity of boil-off gas
can be related to the heat generation during a charge/discharge cycle of the
coil. This method was used to measure the energy losses on the 1 k0 and 7 kJ
model coils. The second method is an electronic method which involves inte-
grating the voltage across the coil terminals and displaying it against coil
current as a hysteresis loop. The area of the loop so formed is proportional
to the energy dissipated during a charge/discharge cycle. Appendix II, Theory
of the Loss Loop, gives a mathematical derivation of the theory of this tech-
nique. The description of this electronic technique includes a discussion of
the specifications of the components of the circuit necessary to ensure an
accurate result. Appendix III, Effect of Phase Shift and Drift Voltage on
Loss Loop Measutement, derives an expression for the error introduced due to
integrator voltage drift and phase shift. The analyses result in performance
requirements for the integrator, the voltage divider, and the current shunt.
The designs of the current shunt and the voltage divider are shown to be com-
patible with these requirements in Appendix IV, Non-Inductive Current Shunt,
and Appendix V. High Resolution Voltage Divider, respectively.

Section 111-5, Loss Measurements Made Using the 1 kJ Coil, describes
experiments conducted to measure losses by the helium boil-off method. The
influence of eddy currents in the dewar walls is discussed. The measured
losses are compared with the theoretical losses, and an explanation is given
of modifications to the loss model which would give close-r agreement between
the theoretical results and the experimental results.

Section iII-6, Loss Measurements Made Using the 7 kJ Coil, describes the
results of loss measurements made using the boil-off method and compares them
with the theoretical losses. It also describes loss measurements mAde using
the electronic method. Since the 7 kJ coil was contained in a metallic Oewar,
induced cut-rents in the walls of the dewar influenced the hysteresis lIop
obtained from the coil. To quantify this effect, measurements of the self-
inductances of the energy storage coil and the sense coil and of their mutual
inductance were made ovet a range of frequencies at various temperatures. It
was found that to avoid chan.es Ii mutual Inductance due to the inf, unce of
the dewar, experiments would have to be run at frequencies less than 10 1z.

A model for the coupling between the dewar and the 7 kJ coil at low
-frequencies (less than 10 Hz) was formulated, and the coupling equations are
presented in Appendix VI, Electric Circuit Model for Dewar Losses. The con-
tribution to the loss voltage due to the dewar as a function of frequency was
calculated from this and compared with the predicted loss voltage due to the
coil (derived in Appendix VII, Predicted Loss Voltage for 7 kJ Coil Due to
Magnetization Losses). This comparison allowed a frequency regime to be
identified in which the voltage due to the coil predominated. This frequency
was about 0.1 Hz. Loss loop measurements were, therefore, made at a frequency
of about 0.1 Hz (charge and discharge times of about two to three seconds) and
at currents ranging from 150 A to 700 A.

Where they overlapped, the results of the energy loss measurements made
by the boil-off method and by the electronic method were in reasonable agree-
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ment. Explanations are given in terms of the theoretical model to explain
differences between the experimental and theoretical losses.

Section 111-7, Loss Measurements Made Using the 100 kJ Coil, describes
loss measurements made on the 100 kJ coil by means of the electronic a~para-
tus. As with the 7 kJ coil, inductances were measured at various tenperatures
over a range of frequencies to find the range over which they remained con--
stant and therefore over which the electronic loss measureruer.t technioue wold
be usable. It was found that this range extended from dc to about 2.5 kH7. A
series of loss measurements were made using the electronic technique at vari--
ous coil currents and frequencies by allowing the coil to rir'q with variGus
capacitors. A cross check was obtained by observing the rate of decay of the
current oscillations. Agreement between the losses measured by the two
methods was within experimental error. The section closec, with a comparison
between the theoretically predicted losses and the experimentally measured
losses and an explanation of the differences between them.

Section 111-8, Multiple Pulse Tests, describes a technique for extracting
a series of pulses at very high repetition rates (- 200 ,Hz). In this tech-
nique, the energy storage coil acts as an energy reservoir, which ýlowly runs
down and feeds an intermediate energy storage capacitor. The coil stores
enough energy for the whole pulse trdin and the capacitor enough energy for
one pulse. There is a switch across the capacitor which is open while the
coil is charging the capacitor. The switch consists of a tube made from an
insulator connected at one end to a helium cylinder and with two electrodes
at the other end. The electrodes are attached to the terminals of the inter-
mediate energy storaqe capacitor, and the load is in one lea of the circuit.
When the capacitor is charged to a preoet voltage determitled by the electrode
spacing, the helium gas flowin'g from the cylinder past the electrodes breaks
down, allowing the capacitor to discharge throughi the load. The arc is extin-
guished by means of a self-excited arc quench circuit across the helium
switch, and the capacitor begins to charge from the coil again. Using this
device, a series of 2.5 kJ pulses were obtained at a r2petitior rate of abeot
200 Hz. Appendix VIII, Design of Relaxation Oscillator to Produce a Seri2s of
Pulses from an Energy Storage Coil, describes the design of this circuit; and
Appendix IX, Design of Arc Quench Circuit for Hei;um Switches, describes the
design of the arc quench circuit.

In summary, the work car..ied out under this p.uyrdmn demonstrated tie
feasibility of:

(1) operating superconductive energy storage coils at rapid repetition
rates to high fractions of the critical currem.t.

(2) building non-conducting dewars with properties entirely acceptable
for use in rapidly pulsed cryogenic systems.

(3) operating vacuum interrupters at rates of five pulses per second for
thousands of cycles.

(4) obtaining pulse trains at repetition rates of about 200 pIlses per
second by electronic means.
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(5) building vapur-cooled leads capable of operation at voltages in
excess of 50 kV in a warm helium gas environment.

(6) designing large dewars and cuils oy means of data obtained from
small models.

(7) predicting coil and dewar performance from theoretical analyses.
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SECTION I

100 kU COIL SYSTEM DESIGN

1. INTRODUCTION

This section of the report is devoLed to a description of the design
details cf a superconducting coil energy storage system capable of storing
up to 100 kJ and being pulsed at rates up to 5 pps. The objectives of this
part of the program were to design a system that could be built and operated
to yield information on the techniques that would be utilized to construct
light weight superconducting coil systems capable of being repetitively
charged and discharged at rapid rates.

Srhe major elements of the system that are considered in this section
are: the switching and control circuits; the dewar; the leads connecting
the coil to the power supply and loads; and the supercond -ting coil itself.
Figure I is a simplified schematic of the system that was built and tested.
As shown the system consists of: a power supply in the form of a battery
bank; a superconducting coil housed in a dewar; a room temperature switch
used to apply battery voltage to the coil terminals when the coil is
energized; a circuit consisting of a charged capacitor, tuning coil and switch
used to extinguisl the arc in the room temperature switch when it is opened
at the end of the coil charging period; a load consisting of linear resistors
used to absorb the coil energy; and a capacitor used to limit the rise time
of the voltage wave when the coil energy is released to the load.

The circuit operates in the following fashion. First the capacitor in
the arc quench circuit is charged to a predetermined voltage. Next the room
temperature switch is closed allowing the coil to take on current from the
battery bank. When the coil is charged to the desired level the room
temperature switch is opened and an arc drawn across its contacts. When
these contacts are fully operedLthe switch ('x triggered spark qap) in the
arc quench circuit is closed allowing the capacitor in this circuit to
discharge thruugh the path formed by the arcing contacts of the room
temperature switch. The discharge current from the arc quench capacitors •tL.- L tt.LL L- - --..... A-iuOWS -'I-, opp)SLt_ : tLU C !.ll~ VL81L J - Current, forcing tr, Currn troughr
the room temperature switch to zero thus extinguishing the arc across the
room temperature switch cor:tacts. The energy stored in the arc quench
capacitor and the resonant frequei.cy of this capacitor with the tuning coil
connected in series with it are such that the voltage across the room temp-
erature swvitch terminals is held below the restriking potential for a time
long enough to allow the switch to regain its full dielectric strength. The
energy stored in the coil is then discharged into the voad.

The design described in this section is for a systen that would be used
as a test bed to gather data for use in designing future systeis. The data
of primary interest were: the losses sustained in the coil during pulsing;
the voltage limits placed on the discharge pulse by the coil, leads and
dewar" construction; and the helium losses that the system would sustain
during standby.
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2. SWITCHING AND CONTROL CIRCUITRY

The basic tasks to be accomplished by the electrical control system for
- the 100 kJ coil are (1) to charge the coil to at least 2,000 Amps (100 kJ),

"(2) to interrupt the charging circuit reliably in order to allow the coil
* to discharge at a variety of rates and voltages, (3) to provide protection

against various types of possible equipment failures or operational errors.
In addition, it is necessary that the system be capable of operation at the

* rate of 5 pulses per second, or at least be readily adaptable to this mode
of operation.

a. Charging and Switching

The power supply selected for charging the 100 kJ coil consisted of
a set of submarine batteries. For the initial (single shot) tests of
the 100 kJ coil, it was decided to use a set of six of these 2-volt cells
in order to form a 12-volt power supply with a very high (greater than
20,000 amp,) current capacity. Given such a 12-volt power supply, the
charging rate for the 100 kJ coil (52 millihenries) is about 240 amps
per second. This relatively slow charging rate makes possible the use
of a simple mechanical timer to control the experiment and the use of
a standard heavy duty contactor to provide a secondary means of
interrupting the charging circuit should the primary (fast acting) device
fail to operate. An additional safety feature was provided by the
Sl-l n fir, of coduutu-" , (3/0 e-lectF-ical caui•j SuLh thai. the totai
electrical resistance of the charging circuit is about 3.7 milliohms,
thus allowing a maximum system (short circuit) current of 3,250 amps;
this ultimate system current is close to the predicted quench :urrent
for the 100 kJ coil.

As has been previously described(l), the primary switching arrange-
ment for this system consists of a commercially available vacuum
interrupter (Tat e 1) that is driven by a hydraulic actuator whose
schematic is given in Figure 2 and whose design has already been
reported(l); the specifications are given in Table I1. This vacuum
interrupter fulfills the syvtemn requirements for high current capacity,
high standoff voltage capability, very rapid recovery from arcs, and
mechanical ruggedness. A photograph of the vacuum interrupter,
hydraulic actuator assembly is given in Figure 3.

The opening and closing times of the VwL,.n interrupter were
measured for a moderate range of hydraulic pressures (Figure 4) by means

of the electrical circuit given in Figure 5. From these measurements it
was concluded that adequate switching speeds for single shot operation
were available at a hydraulic pressure of 1,000 psi; this operating
point was selected for all the experiments that are reported herein to
minimize the likelihood of oil leaks in the hydraulic system and to
minimize the noise generated by the hydraulic pump. At a hydraulic
pressure of 1,000 psi, the opening and closing times for the vacuum
interrupter are about 40 milliseconds.

A secondary switching system consisting of a commercially available
contactor (GE# IC2800, Y108 BIO9G) was installed to provide a second

11



Table I

SPECIFICATIONS
GENERAL ELECTRIC POWER/VAC VACUUM INTERRUPTERS

MODELS PV-03G & PV-03H

PV-03G-12-15AI8 (3 Stud Mounting) Order No. 0186LO739P021, Outline Dwg.
086600573

PV-O3H-12-15AI8 (4 Stud Mounting) Order No. 0186LO739P022, Outline Dwg.
086600591

3 ý Rating, Symmetrical Basis

Rated maximum line to line voltage 15.5 kV, rms
Rated frequency 50/60 Hertz
Rated voltage range factor (K) 1.3
Low frequency withstand 50 kV, rms
Impulse withstand, full wave 110 kV, crest
Rated continuou., current

350 rise over 400 ambient 1200 amperes, rms
Generated heat loss at 1200 amps 22 watts
650 rise over 400 aubei-,t (with 9 ,,at snk 2000 amperes- rr;s
Generated heat loss at 2000 amps 60 watts

Rated short circuit current (at rated
maximum voltage) 18,000 emperes, rms

Maximum interrupting Capability 23,000 amperes, rms
Maximum asymmetry factor (s) 1.3
Rated maximum voltage divided by "K" 12 kV, rms
3 second current carrying capability 23,000 amperes, rms
Momentary, close & latch capability

with 400 pounds contact force 40,000 amperes, rms
with 850 pounds contact force 60,000 amperes, rms

Caracitance switching current, maximum 600 amperes, rms

Mechanical Data

Interrupter weight 24 pounds
Moving contact weight 3.70 pounds
Contact force due to atmosphere 26 to 45 pounds
Added force required for momentary

40,000 amperes 400 pounds
60,000 amperes 860 pounds

Mechanism Requirements

Contact Stroke 0.75 inches
Opening speed (average to 9/lb" gap) 6.5 to 7.5 ft/s
Overtravel, maximum 0.25 inches
Closing speed (average 1st 1/4" travel) 2.5 to 3.5 .'t!s
Contact bounce duration, maximum 0.002 s

12



Table I (Continued)

Typical Interrupting Life

Contact erosion limit 0.125 inch
Mechanical life 10,000 unit operations

SShelf life (estimated) 20 years

3 p Breaker Series 3 p Recloser Series

*Unit Operations Current Amps, Rms *Unit Operations Current Amps, RPns

4 23,000 48 16,000
10 19,000 120 8,800
18 16,000 144 3,200

*Plus 5,000 unit operations at 2,000 amperes

1
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DOUBLE-ACTING, END-CUSHIONED CYLINDER

PISTON END CUSHION ACTUATION

~A AJUSTABLE ORIFICE

PILOT PISTON L..-
CHECKV 'ESOLENOID

110 11 - PISTON END

_r 71 ~ MOOG SERIES 35CUHO
SERVOVALVE

SPRING -CENTERED
PILOT PRESSURE

L J SOLENOID ACTUATED
VALVE

ADJUSTABLE ACUUAO
PRESSURE HYRULICRELIEF VALVE POE-SPL

I HYRUII OO

FILTERI

RESERVOIR

Figure 2 Hydraulic Circuit
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Table II

SPECIFICATIONS FOR HYDRAULIC ACTUATOR

Overall Size 24" x 12" x 17" high

Weight (less hydraulic power supply) 44 pounds

Actuator stroke 0.8 inches

Actuator operating pressure 2,850 psi

Hydraulic fluid flow rate 2.5 gpm

Piston area 0.6 sq. inch

Closing time 8 milliseconds

Opening time 8 mIlliseconds

SPECIFICArIONS FOR HYDRAULIC POWER SUPPLY

Maximum output pressure 3,000 psi

Maximum flow rate 5 gpm

Drive motor 5 hp 220V, 3 p

Reservoir volume 10 gallons

Pump type Pressure compensated

Variable displacement
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Figure 3 Detail of vacuum interrupter (bottom), hydraulic

actuator and backup contactor (top). Noninductive
shunt is in oil bath at right.
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Figure 5 Electric circuit used for measurement of open
and closing times of the vacuum interrupter. j
measure opening time, trigger an oscilloscope
from (1) and observe (2). To measure closing
time, trigger from (2) and observe (1).
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means of breaking the charging circuit should the vacuum interrupter
fail to operate. In practice, both the vacuum interrupter and the
backup contactor were commanded to open simultaneously; under normal
conditions the vacuum interrupter opened the charging circuit (in 40
milliseconds) long before the opening of the contactor (250 milliseconds).
With this arrangement, if the vacuum interrupter should fail to open,
then the coil would be charged to a current that was at most 60 amps
greater than the desired value before the backup contactor opened. An
overall system schematic is given in Figure 6; a photograph showing
the location of the contactor and resistor bank is given in Figure 7.

b. Arc Quench Circuit

For the vacuum interrupter to break the charging circuit reliably,
it is necessary that some external means be provided to prevent arcing
across the switch. In normal operation, the vacuum interrupter was
opened, then the arc was extinguished by means of an external circuit
whose function was to force the switch current to zero for sufficient
time to allow recovery. The arc quench circuit that was selected is a
simple series resonant circuit that is connected across the vacuum
interrupter as shown in Figure 8; the component valur7 are given in the
arc quench circuit t Ft setup shown in Figure 9. This circuit was
tested over a current range of 640 amps to 2,750 amps, the full range
required for operation of both the 7 kJ coil and the 100 kU coil. The
principle of operation is that when the spark gap (EG&G #GP-22B or
EG&G #GP- I '£) is I reu, te capacitor disca, h ••--I . .ILu L,,I IUU .....
through the switch, reducing the net switch current for the first half
cycle (Figure 8). If the capacitor has been charged to the correct
initial voltage, then the rin in current (capacitor voltage divided
by circuit surge impedance, V L/C, which is about 10 ohms in this case)
will cancel the switch current for a quarter of a cycle (t t A-C-),
allowing the switch to recover its blocking state. For the components

selected, the current is held near zero for about 25 microseconds. Ar,
advantage of a simple ringing circuit over a circuit that provides a
more carefully shaped pulse(l) for this arc quench application is that
if the arc fails to extinguish on the first half cycle because of too
high an initial voltage on the capacitor, then it may be extinguished
one cycle later; in other words, the slowly decaying oscillating current
in this circuit provides several opportunities for extinguishing the
arc. An adoitional capacitor is placed across the load resistor
(Figure 6) to limit the rate of rise of voltage across the vacuum
interrupter thus increasing its likelihood of turning off. A photo-
graph of the arc quench circuit is given in Figure 10 (the spark gap
is in an oil bath; a spare spark gap is shown in the foreground) and
a closeup of the resistor bank and its parallel capacitors is given in
Figure 11.

c. Timing, Controls, and Interlocks

A mechanical control system was selected for single shot operation
of the 100 kU coil because of its simplicity and ruggedness. The
sequence of required operations is shown in Figure 12. The automatic
operations were controlled by a mechanical timer. As indicated in the
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Figure 7 Overallvi ~ew of expert ental setup show~ing
top Of dewar for a 10 Oýki coi 1, backup
contactor, integratoir , and oscilloscope.
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Fituire 10 Detailed photograpr -showrig batLery (background),
arc quench inductor, spark gap (ir, oil bath), spark
gap actuator, hydraulic actuator for vacuum inter-
rupter, and backup contactor.
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Figure 11 Closeup of resistor bank and parallel
capacitors (total of 1 F at 60 kV).
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figure, interloý:ks are provided on several of the manual operations in
order to -minimize the chiapce- of serious operational errors. It should
be noted tha`% the sprcrk gap tnat controls the arc quench circuit is
tripped by a microswitch that is activated by a linen phenolic rod
attached to the plunger of the vacuum interrupter; this mechanical
linkage together w.ith an interlock on the power switch for the spark gap
triggering unic ensured proper timing ef the arc quench pulse. The
actual implementaticri of the manual controls, interlocks, etc., was
accomplished by means of a systemq of switches and relays that are
connected as shown in Figures 13 and 14. This experimental arrangement
proved O.equate for all the experiments that were undertaken.

3. NON- CONDUCTIN!G DEWAR H-SIGN

a. IntroductionI In ind~tctive eriergy storage systems of neceýssity there are time
varying maynetic fields. FurtheraiTre, in systems whict; use cryogenic or
superconducting magnets the magnet must be in a container which will
maintain the cryogenic envircoment. This containcr will therefore be
subjected to the time varying magnetic 'field unless th& container is
shieldai in Eome way. This ,;hielding could be achiev~ed by makin.p the
energy storage coil in a t~roidal geomEtry. However., studies (21, have
indicated tnat toroidcl systeids are considerably heavier than so'ienoidal
systems haviuq simiia-ý operating specifications. S'ince~ w(-iyjh1 is a'
premium in this project, toroidal systems could not be used ind efforts
were dir-ected to minimizing the weight of a solenoidal system.~

It has been previously shown (2) that noin-conducting dewars
significantly reduce system weight. This saving comes from twc sources.
Firstly, non-metall ;c materials-having higher strength tor weight ratics,
than metals can be used thereby reducing the weight of the dewar,
Secondly, the effects of electrical coupling betwee~n the energy -storage
coil and the dewar walls are eliminated. In a metallic devar the time
varying magnetic field induces eddy currents in the deway i-iolls. The
eneargy wO'hich is. distipated in t~h- -Alls is removed fromn t',e -systeir hy
boiling off cryogen. Clearly this increases the ovei~all system woiqht
since adoiitional cryogen must be carried on a mission t~o ailow for this
energy dissipation.

The technology of non-conducting dewars is not wcl½ developed and
the purpose of this part of the program was to advanre the sAtate of the
art of non-conducting Owi design to e point where a &,-wer large e:ýough
to contain the IU00kU energy storage coil could be relioibly 'built.

The development program waý divided into three phoses: non-
conducting materials invEstiqatiL'1' (1);- model dewi~r desiqo., fabrica~ion
and testing; and full size dewar design, fabrication and testing. Each
of these three phases will be dealt with in mnore detafl below.

The non-couducting dewai- eventually dcsigned fov the 10(0 H energy
storageý coil represents an intermediate Etage ina trie developneYAt of a
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light weight dewar suitable for aribornt use. The emphasis in this
design was on producing a thoroughly reliable dewar by using design
procedures which would be applicable to the development of a light
weight dewar but which did not in this case result in a minimum weight
design. However, in addition to the three phase program outlined above,
a light weight dewar design suitable for airborne use was produced (1).
This design was based on the results of a parametric study carried out
to arrive at a minimum overall weight system.

b. Thermal Insulation

In designing the dewar, consideration was given to the three basic
types of cryogenic insulation: multiple radiation shields uf aluminum
foil and spacer or aluminized mylar, expanded polyurethane or poly-
styrene foam, and evacuated powder. In general, the foamed insulations
have higher thermal conductivity than ýither powder or multilayer
insulation. In addition, the high thermal contraction coefficient of
the foams makes it undesirable as an insulation between two vessels.
It was concluded that the most effective insulation for the light weight
dewar would be multilayer insulation operating in a vacuum of better
than 0.01 pHg of mercury. However, for the laboratory dewar where space
and weight are not prime requisities, it was concluded that evacuated
powder insulation would be entirely satisfactory and would result in a
lower overall cost. The dewar was therefore designed with a 12-inch
vacuum space all around the inner vessel to provide sufficient space to
accommodate the desired quantity of powder insulation.

Micro-Cel T-4, a synthetic calcium silicate, was selected as the
powder insulation most suitable for the application. It is a high
efficiency cryogenic insulation which is a finely divided powder having
free flow characteristics. It can be poured directly into the vacuum
jacket through any suitable port such as the evacuation tube in the
adaptor flange. Figure 15 shows a curve of overall thermal conductivity
versus interstitial vacuum pressure for the powder. It can be seen
that to reach its full potential (thermal conductivity equal to 5 1W/
cmK) the interstitial vacuum pressure must be below about 2 pHg.
However, if the vacuum pressure is an urder of magnitude hiqher (20 PiHg),
the thermal conductivity is only a factor of two higher (10 uW/cmK) so
that in this range the effective thermal conductivity is inseisitive to
pressure.

Thus one goal of the experimental program was to achieve a vacuum
pressure of less than 2 uIHg witn powder insulation in the system and less
than 0.01 uHg without powder insulation in the system. The former
objective was easily achieved during testing the full size dewar and the
latter objective was closely approached (0.02 oHg at 77 K) in the tests
on the model dewars. It was expected that because of the cryopumping
which occurs at 4.2 K the goal of 0.01 oHg would be surpassed in a system
containing liquid helium.
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c. Non-Conducting Materials Investigation

The heaviest element of d liquid helium dewar is the outside room
temperature shell since it must be designed to withstand the forces of
atmospheric pressure acting on its external convex surface. It is
usually constructed of either aluminum or stainless steel, both of
which are electrical conductors. Our task was to find a non-conducting
material of sufficient strength to replace these materials.

Mechanical tests (1) were conducted on specimens of materials
likely to fulfill this requirement. In particular, tensile, compressive
and shear properties were determined for various resin/glass composites
having potential use as structural elements and shear properties were
measured for epoxy resins having potential use as adhesives. Tests
were conducted at room temperature and at 77 K. The results of the
materials investigation are reported on more fully in AFAPL-TR-72-38,
Vol. I which describes work conducted during the early phases of this
program. However, a summary of the important aspects is given below.

As a result of these investigations on test specimens it was found
that a 2-ounce fiberglass mat with polyester resin binder, and Narmco
recin 7343 were suitable mechanically. These materials were therefore
selected for further investigation.

To simulate conditions in the outer wall of a vacuum jacket a test
chamber approximately 0.91 in long by 0.48 m diameter was fabricated
from the 2-ounce polyester/fiberglass mat. The test chamber could be
evacuated and could also be connected to a molecular sieve pump.

The test chamber was successfully evacuated and the vacuum pump,
disconnected. The molecular sieve pump was also disconnected. No leaks
to atmosphere existed but because of outgassing from the walls of the
chamber the pressure slowly rose. The pressure was monitored over a
64.5 hour test period and from the pressure rise an outgassing rate of
2.33 x lO- Torr 1 was calculated. This is low enough for the material_scm7-
to be used as a non-conducting dewar fabrication material.

The efficiency of the molecular sieve pump was investigated next.
The test chamber was again evacuated and the vacuum pump disconnected
but this time the chamber was left connected to the liquid nitrogen
cooled molecular sieve material. During a 24 hour test the vacuum was
maintained at 0.06 oHg which is a more than adequate ultimate vacuum
pressure for walls at room temperature.

A comparison of the results of the tests on non-conducting
structural materials, the desired properties of non-conducting structural
materials, and stainless steel is summarized in Table IlI.

a. Ylodel Non-Conducting Dewars

The tests on non-conducting materials described above established
that hand laid up polyester fiberglass is mechanically strong enough at
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room temperature and liquid nitrogen temperature to withstand the forces
due to atmospheric pressure and that at room temperature a shell made
from this material is satisfactory from a vacuum standpoint. Therefore,
the room temperature shell of a non-conducting dewar could certainly be
made from this material. However, it was not at all clear as to
whether this material would hold a vacuum if subjected to cryogenic
temperatures. Although its gross mechanical properties are satisfactory
at liquid nitrogen temperature, none of the tests previously conducted
would show whether the material delaminated slightly when cold shocked.
Even slight delamination could cause the material to become porous
thereby destroying its vacuum integrity. Therefore, before embarking on
the design and fabrication of the full scale non-conducting dewar for
the 100 kJ coil we decided to build a model dewar and to test it under
conditions similar to those to which the full scale dewar would be
exposed. Figure 16 is a photograph of the model non-conducting dewar
inner shell. The material used for its construction was the same hand
laid up polyester/fiberglass that was evaluated in the materials
evaluation phase of the program.

A test chamber consisting of a steel jacket and flange was built to
house the model non-conducting helium container during evaluation.
This test chamber simulates the outer room temperature dewar wall. A
scale drawing of the model dewar in its test chamber is shown in
Figure 17.

A schematic of the apparatus used to evaluate the model non-
conducting dewar is given in Figure 18 and photographs of the same appar-
atus can be seen in Figure 19. It consists of the test chamber and
model non-conducting dewar with a pumpout port connecting to either a
mechanical roughing pump or a helium mass spectrometer.

The first tests conducted on the hand laid up polyester/fiberglass
model dewar were without the powder insulation in the vacuum space.
With the dewar at room temperature the system was evacuated. A pressure
of 6 iHg was recorded. Liquid nitrogen was then poured into the dewar
and the pressure began to fall. This is to be expected since the
recorded pressure is due to the vapor pressure of the resin hinder which
decreases with temperature. After about two minutes the pressure had
fallen to about 0.8 viHg. However, it then started to rise and after
about 10 minutes was up to about 75 uHg. It appeared that the cold
shock had delaminated the polyester/fiberglass material thus making the
dewar walls porous. Later inspection of the dewar confirmed this since
the surface of the dewar was crazed with hairline cracks. Obviously,
the material under investigation was not suitable for cryogenic use.

Alternative materials were sought and a second model dewar having
the same dimensions as the first was made, the material used being hand
laid up epoxy/fiberglass. Similar tests were conducted on the second
model and similar results were obtained. This material too was not
suitable for cryogenic applications.

Since the problem was one of delamination when subject to cold
shock clearly what was needed was a material with greater bond strength
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I
between lamiinations. A material with properties similar to G10 (an
epoxy/glass cloth material widely used in cryogenic applications) was
required. Eventually such a material was found. It is an epoxy/
fiberglass cloth which can be laid up around a mold having the desired
shape and then cured in an autoclave under conditions of high temper-
ature and high pressure. The resulting appearance of the material is
very sirmiilar to G10. A comparison of the properties of this material
and the originally used hand laid up polyester-fiberglass is given in
Table IV.

A third model dewar was constructed using this GIO-like material
and testing proceeded as before. At room temperature without powder
insulation in the vacuum space a pressure of 0.3 pHg was recorded. When
liquid nitrogen was poured in, the pressure dropped to 0.02 oHg. It
was not possible to check the pressure at 4.2 K because without the
powder insulation in the system the radiation heat leak from the room
teinperature walls would have been too great to allow liquid helium to
collect in the dewar. However, with a pressure of 0.02 ulig at 77 K only
a factor of two decrease in pressure is required to reach 0.01 wHg which
is the desired operating pressure for an advanced light weight dewar
using multilayer insulation instead of powder insulation. Since the
cold surface in such a system would be at 4.2 K it is felt that the
desired pressure would be easily attained.

The test chamber was then filled with powder insulation and helium
diffusion tests were conducted using the helium moss spectrometer. At
room temperature and at 77 K the helium diffusion rate was not
measurable. However, when liquid helium was transferred into the model
dewar a small but measurable leak rate was measured. In terms of the
surface area of the dewar available for diffusion this rate was 3.04
x l10- cm3/s ft 2. We subsequently found a leak in the test apparatus
and so the result quoted above may be spurious. However, taking the
above value as a worst case the dewar could be run for three months
between dewar evacuations using a 0.5 g of 5X molecular sieve as a getter.
This is an entirely satisfactory result from a system operation
standpoint. The heat leak as measured by helium boiloff was 0.5 W
which is also satisfactory.

The results of the model dewar evaluation tests are summarized in
Table V.

e. 100 kJ Coil Nooi-Conducting Dewar Design

The selection of materials for the 100 kJ coil non-conducting dewar
was based on the evaluation tests described above. The following is a
summary of the results of the test program and i.he reasoning used for
selecting materials for the various components of the dewar.

A numoer of model dewars were tested under operating conditions.
Both hand laid up polyester/fiberglass avid epoxy/fiberglass were found
to be suitable for the rcom temperature shell of a dewar, but were found
lacking for cryogenic use; the hand laid uper materials would not with-
stand the cold shock when subjected to cryogenic temperatures. However,
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Table IV

COMPARISON OF PROPERTIES OF NON-CONDUCTING MATERIALS

Hand laid up Autoclaved
fiberglass, fiberglass,

Material polyester epoxy
characteristics __(failed in test_ (new material)

Tensile strength 9,000 psi 51,000 psi

Elastic modulus 0.8 x 106 psi 3.3 x 106 psi

Compressive strength 13,000 psi 57,000 psi

Specific gravity 1.38 1.80
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Table V

SUM•*ARY OF MODEL DEWAR TESTS

Model 1 Model 2 Model 3

Material Polyester fiber- Epoxy fiber- Epoxy fiber-glass (hand laid glass (hand glass

up) laid up) (autoclave)

WITHOUT MICRO-CEL INSULATION

Vacuum Tests

Pressure at 293 K 6 p 0.3

Pressure at 77 K 0.8 P after 2 min --- 0.02 p
75 w after 10 min

No. of Cycles
293K-77K-293K 1 1 3

Conclusion Failed Failed Satisfactory

WITH MICRO-CEL INSULATION

Helium Diffusion Tests

Temperature 293 K --- --- Not measurable

Temperature 77 K --- --- Not measurable

Temperature 4.2 K --- --- 3.04 x lO-8

cm3 /sec ft 2*
Estimated running time
between dewar evacuations --- --- 3 months with

0.5 g 5X mole-
cular sieve+

Conclusion --- --- Satisfactory

Heat Leak

Measured by He boiloff --- 0.5 Watts

Conclusion --- -- Satisfactory

*Possibly spurious because of leak subsequently found in test apparatus.

+Worst case calculation based on the above possibly spurious result.

41



the model dewar made from epoxy/fiberglass fabricated under high temp-
erature and high pressure conditions was found to have excellent
properties both at room temperature and cryogenic temperature. Experi-
ments indicated that it would hold liquid helium with acceptable heat

t leaks, would not allow appreciable amounts of helium to diffuse through
the walls and would withstand cold shock repeatedly. This material
would be more than adequate both at room temperature and liquid helium
temperature. However, since it is much more expensive than hand laid
up material, in the interests of economy we decided to use this material
for the helium can only and to use hand laid up polyester/fiberglass
(whose room temperature properties are adequate) for the much larger
room temperature shell.

Since the adaptor flange which connects the inner shell to the
outer shell is always exposed to room temperature the structural material
used in this was polyester/fiberglass. However, to limit the stress and
deflection in this p'ate when the dewar is evacuated, this plate must
be several inches thick. Therefore, for ease of handling and to reduce
costs it was made lighter by employing a laminated type of construction.
The flange consists of a central layer of polyester/fiberglass sand-
wiched between two layers of balsa wood which in turn are sandwiched
between two more layers of polyester/fiberglass. The polyester/fiberglass
layers are 0.5 inch thick and the balsa wood layers 0.75 inch thick. The
whole assembly is vacuum sealed with a thin layer of polyester/fiberglass.
This type of construction increases the modulus of the flange without a
large increase in weight. The specific gravities of polyester/
fiberglass and balsa wood are 1.38 and 0.25 respectively.

Since for this system weight is not of prime importance, it was
decided that the expense of developing a light weight radiation shield
should be eliminated by using Micro-Cel T-4, a pcwder insulation, in
the vacuum space. This material is suitable provided that the pressure
in the vacuum space can be maintained below about 10 pHg. This material
was used in the evaluation tests on the model dewars and it was found
that the pressure could indeed be kept below 10 •jHg and that under these
conditions the heat leak was acceptable. Therefore, Micro-Cel T-4 was
used in the design of the 100 kJ coil dewar.

To minimize heat leak due to radiation down the mouth of the dewar
a large foam plug was built from open cell expanded polyurethane foam.
The length of this plug is about 30 inches and its diameter is about
34 inches. It is attached to the lower face of the dewar cover plate.
The temperature at the bottom of the neck plug was estimated to be well
below liquid nitrogen temperature which is more than adequate.

The 100 kJ coil non-conducting dewar was designed and built according
to the results of the evaluation program and the arguments outlined above.
For a detailed description of the mechanical design, the reader shou!J
refer to technical report AFAPL-TR-72-38, Vol. I. The dewar eventually
built differs little from the dewar described in that report. The most
important differences are as follows. Firstly, the inner liquid helium
vessel was made from the GlO like material which was successfully used
in the third model dewar and because of this material's superior
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mechanical properties it was made with a smaller thickness (0.13 inch
instead of 0.25 inch). Secondly, the adaptor flange which connects the
inner vessel from the outer vessel was made thicker to give a smaller
deflection when the dewar was evacuated. Table VI summarizes the
specifications of the dewar. Figure 20 and Table VII are a schematic
of the dewar and a list of components of the dewar respectively.
Figures 21 and 22 are photographs of the inner shell and outer shell
of the dewar respectively.

In spite of the extensive testing program described above, some
uncertainty existed as far as the performance was concerned because
of the large scaling factor involved in going from the small (-7.4 inch
diameter by 30.6 inch long) model dewar to the 100 kJ coil dewar. This
was particularly so with respect to the expected heat leak and the
quantity of cryogen required to cool the system down.

The heat leak into the dewar arises from a number of sources such
as: through the dewar insulation, down the nec' of the dewar, down the
neck plug walls, down the foam of the neck plug, and down the current
leads. The heat leaks for all these sources were estimated and are
tabulated in Table VIII. As will be seen in the next section concerning
the results of testing the 100 kJ coil dewar there was good agreement
between the predicted and measured values.

It is of some importance to know how much cryogen is required to
cool the dewar from room temperature to cryogenic temperatures, espe-
cially in a system such as this where a large mass of thermal insulation
has to be cooled. (In passing it should be noted that in an operating
system as opposed to an experimental system, a non-conducting radiation
shield would be developed and used, thereby eliminating the disadvan-
tages incurred by using a large mass of powder insulation.) Therefore,
estimates were made of the quantity of liquid nitrogen which would be
required for cooling from room temperature to 77 K and of the quantity
of liquid helium which would be required for cooling from 77 K to 4.2 K.
(This two-stage cooling procedure was adopted because the quantity of
liquid helium required to cool directly from room temperature to 4.2 K
iould r~sult in a prohibitively high cost.)

The problem of calczulating the cryogen requirements for cooldown
was attacked in the following way:

1. Estimate the tempe.-ture distribution of the system
components when the inner dewar is filled to the desired
level with cryogen.

2. Estimate the nmasses of material at various temperatures
according to this temperature distribution.

3. Estimate the heat content of these masses at their
respective temperatures.
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Table VI

SPECIFICATCONS FOR NON-CONDUCTING DEWAR

Overall Height of Dewar 2.37 m (93.5 inch)

Total Weight 423 kg (931 lb.)

OUTER SHELL

Height 2.21 m (87.0 inch)

Outer Diameter 1.34 m (52.8 inch)

Wall Thickness 0.94 x l0-2n (0.37 inch)

Material GP-1OOP Polyester fiberglass

Weight 129.4 kg (285.6 lb.)

INNER SHELL

Height 1.96 rm (77.0 inch)

Inner Diameter (Top) 0.94 m (36.5 inch)

Inner Diameter (Bottom) 0.84 m (33.0 inch)

Wall Thickness 0.33 x 10 2m (0.13 inch)

Material Pressure laminated epoxy fiberglass

Weight 34.6 kg (76.3 lb.)

ADAPTOR FLANGE

Thickness 10.2 x lO- 2m (A.0 inch)

Outer Diameter 1.47 m (58.0 inch)

Inner Diameter 0.97 m (38.0 inch)

Material GP-lOOP Polyester fiberglass/
balsa laminate

Weight 55,4 kg (122.1 lb.)

THERMAL INSULATION

Material Microcel T-4

Weight 204 kg (449 lb.)
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Table VII

COMPONENTS OF 100 kJ COIL NON-CONDUCTING DEWAR

Parts List

Item No. Description

1 Dewar outer shell

2 Bottom closure head

3 Inner dewar

4 Adapter flange

5 Coil support flange

6 Micro-cel Celite Div J-I1

7 "0" ring, .25" nom w x 35.0" 1.D.

8 "0" ring, .25" nom w x 54.0" I.D.

9 Warmco epoxy
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Figure ?I

Inner shell (helium CollLainer) of 11011 )ndtiCting dewar for
100 kJ energy storage cotil. The cont~ainer is made of a high
pressure laminated epoxy/fiberglass material.
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Figure 22 Outer container of non-conducting dlewar

for 100 MJ pulsed inductive energy storage

Coil.
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Table VIII

COMPARISON OF PREDICTED AND MEASURED CRYOGEN USAGE IN
100 kJ COIL NON-CONDUCTING DEWAR

Cryogen used for cooldown (excluding cryogen to cover coil)

Predicted1  Measured

Liquid Nitrogen 733 "to 1582 159 liters liquid

Liquid Helium 1454 140 liters liquid

1. Basis of Estimate. Based on the weights of the various components and:

Item Fina! Temperature Enthalpy Difference as for:

Micro-Cel T4 Profile varying Glass
linearly from room
temperature to
cryogen temperature

Inner dewar, coil Cryogen temperature Teflon
form•n electrical
insulation and
support structure

Conductor Cryogen temperature Cu

2. Using latent heat of LN2 only.

3. Using latent heat plus enthalpy to room temperature.

4. Using 25 kJ/liter (this is equivalent to the yardstick of 0.1 £/lb of Cu)

Heat Leaks at 4.2 K

I II
Predicted Total measured

Height of
Liters Cryogen Liters

per Over Coil per
Source Watts hour- (Inches)_ Watts Hour

Neckplug wallc 1.50 2.07
Neckplug foam 2.31 3.18 12.9 9.5 13.1
Dewar, neck 1.25 1.72 7.9 8.0 11.1
Dewar insulation 3.82 5.27 4.3 7.3 10.1
Leads (at zero current) 1.83 2.52

10.7 14.8
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4. Subtract the heat content form the heat content at the
initial temperature (room temperature in the case of
liquid nitrogen and liquid nitrogen temperature in the
case of liquid helium).

5. Estimate the quantity of cryogen required to abstract that
amount of heat from the material.

The system was divided up into the following four components:
conductor; coilform, structure and electrical insulation; inner dewar;
and Micro-Cel T-4 thermal insulation. The first three components were
all assumed to be at a final temperature throughout their volume 2qual
to the cryogen temperature. The thermal insulation, however, was
assumed to have a final temperature distribution such that near the
inner dewar it was at cryogen temperature and near the outer dewar it
was at room temperature. In between, the temperature was assumed to
vary linearly. This continuous distribution of temperature with
position was approximated to by dividing the Micro Cel T-4 insulation
up into a number of regions and assuming that the temperature of the
whole of a particular region was at the temperature of its midpoint
(given by the continuous linear variation described above). The mass of
each of these regions was calculated as were the masses of the other
components in the system. Knowing the mass and temperature of each
region, the heat content of each region was calculated by taking the
product of the mass and the enthalpy for the particular region at the
corresponding tempnrature.

Unfortunately, enthalpy data for the particular materials used is
not available so an approximation had to be made. The enthalpy data
used for each system component was as follows:

System Component Enthalpy Taken As For

Micro-Cel T-4 glass

Inner dewar, coilform, structure,
electrical insulation teflon

Conductor copper

The total heat content for the system was found by summing the heat
contents of the system components. This procedure was carried out for
room temperature, 77 K and 4.2 K and the amount of heat to be abstracted
from the system was found by taking the appropriate differences between
the heat contents at the various temperatures.

Thus, the total quantity of heat to be removed by the appropriate
cryogen was known and it only remained to estimate the quantity of cryogen
required to remove this amount of heat.

The amount of cryogen required depends upon the latent heat of the
cryogen, the enthalpy of the cryogen between room temperature and
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cryogen temperature and the efficicncy of heat exchange between the
cryogen and the material which is to be cooled.

For nitrogen, the latent hezt of the liquid to gas transition is
160 kJ/l and the enthalpy of the gas from boiling point to room temp-
erature is 186 kJ/l. These two values should set limits on the quantity
of nitrogen required. Using only the latent heat nf the liquid would
imply that no heat was transferred from the mass to be cooled to the gas
and using the latent heat of the liquid plus the enthalpy of the gas
between the boiling point of the cryogen and room temperature would
imply perfect heat exchange. The quantity of liquid nitrogen required
based on these two limits was found to be 158 1 and 73 1, respectively.

By similar reasoning, the quantity of helium required to cool from
77 K to 4.2 K can be calculated. The latent heat for the liquid to gas
transition is 2.6 kJ/l and the enthalpy of the gas between 77 K and
4.2 K is 48.7 kJ/l. Based on these values, the limits for the liquid
helium requirements would be 1,390 1 using only the latent heat of the
liquid to gas transition, and 70.5 1 using the total of the ltent heat
plus the enthalpy of the gas from 4.2 K to 77 K. Clearly the spread
between these two limits is too large to be of any practical use, and
estimating a heat transfer coefficient between the helium gas and the
mass to be cooled would also be too uncertain to be useful.

We finally based our estimate on a rule of thumb commonly used by
superconducting magnet manufacturers, which is: it requires 0.1 1 iLLe
of liquid helium to cool one pound of material from 77 K to 4.2 K. If
copper is taken as the material, this can be rewritten as one liter of
liquid to remove 25 kJ of heat from material from 77 K to 4.2 K. Based
on 25 kJ/l, the estimated quantity of liquid required to cool the systen,
from 77 K to 4.2 K is 145 liters.

These estimates are tabulated in Table VIII. As will be seen in
the next section which concerns the testing of the 100 kJ coil dewar,
these results are in reasonable agreement with the measured values.

f. 100 kJ Coil Non-Conducting Dewar Testirn & Experinental Results

Having assembled the dewar, the first series of tests were conducted
with no powder insulation in the vacuum space. A schematic of the
experimental setup is shown in Figure 23.

The vacuum jacket was pumped at room temperature to a pressure of
200 oAHg according to the thermocouple gauge or 30 oHg according to the
ionization gauge. It was cold shock tested by pouring in liquid nitrogen
and the pressure dropped to 0.4 14Hg measured by the ionization gauge.
This pressure was maintained as long as the liquid nitrogen remained in
the dewar. The vessel was allowed to warm up to room temperature and
was then cycled twice more. It showed no signs whatsoever of structural
or vacuun problems. These results are summarized in Table IX. The
insulating jacket was then raised to atmospheric pressure and the
Micro Cel [-4 powder insulation was installed. The powder insulation
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Table IX

SUMMARY OF TESTS ON 100 kJ COIL DEWAR

Without Micro-Cel insulation

Measured On
Therno-
couple Ion

Vacuum Gauge

Pressure at 293 K 200 
I 30 i.'

Pressure at 77 K <I 1 0.4 p

No. of Cycles 293K-77K-293K

With Micro-Cel insulation (after several months pumping to dry the Micro-Cel)

Vacuum

Pressure at 293 K 16 -

Pressure at 77 K Pl -

Pressure at 4.2 K <-

Heat Leak Watts

At 77 K1  10.5 with 10 inches over
bottom of dewar

At 77 K2  88 with 15.1 inches over coil

At 4.2 K- 9.5 with 12.9 infchs over co-i

Number of Cycles 293K.-77K-293K 2

Number of Cycles 293K-4.2K-293 K 1

ITests conduLted shortly after installation of the Micro-Cel T-4 thermal
insulation without coil in dewar; the dewar vacuum pressures was 375 ,jHg.

2 Tests conducted ,during the test or the 100 kJ coil.
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which is similar in consistency to bakers flour was poured into the
vacuum space through four separate three inch diameter access ports in
the adaptor flange. When this was completed, the dewar was re-evacuated
through a multi-stage filtering system to prevent the powdered insul-
ation from ruining the mechanical vacuum pumps. Unfortunately, the
Micro Cel T-4 thermal insulationis hygroscopic and prior to filling
the dewar it had absorbed much water. Consequently, the dewar pressure
initially was higher than desirable because of the vapor pressure of
the water, and only after some time was the water pumped out.

During the early stages before all the water had been pumped out
of the system the heat leak as measured by nitrigen boiloff was 10.5 W
with about 10 inches of liquid nitrogen in the bottom of the dewar. The
vacuum pressure was 375 viHg during this test. It was subsequently, found
that the effect of the water on the pressure in the dewar had been
made worse by the presence of the filters in the pumping line. When
these filters were renoved, the increase in the pumping line conductance
was such that the presure immediately dropped from 375 DHg to 100 uHg.
Eventually after some months of pumping a vacuum pressure below 10 WHg
was obtained. In future applications in which powdered insulation is
used, a scheme whereby the powder can be baked out before insertion
into the dewar should be devised.

Further measurements of vacuum pressure and heat leak were made
during the testing of the inn kJ coil. Before cryogen transfer was
Started the pressure at room temprature as measured by a thermocouple
gauge was about 16 uHg. After liquid nitrogen had been transferred
into the dewar, the same gauge read less than pHg. (This is outside
the ranqe of pressures that thermocouple gauges can accurately measure).
It conti;,ued to read less than 1 pHg throulhout the test after liquid
helium had been transferred. The results ,f these tests are summarized
in Table IX.

Boiloff measurements were made by monitoring the change in level of
the cryogen and by use of a rate flow meter. The heat leaks arrived at
by each method were in fair agreement. With 15 inches of liquid nitrogen
over the coil, the measured hieat leak was 88 W. At first sight this
may appear to be very high and indeed it would be if it were at 4.2 K.
However at liquid nitrogen temperature, thermal conductivities are
much higher than they are at liquid helium temperature and the heat leak
decreases in the range of 77 K to 4.2 K.

The heat leak is also a function of the level of the cryogen in the
dewar (i.e., the higher the level, then the shorter is the distance
between room temperature and cryogen temperature and therefore the higher
is the heat leak). Boiloff measurements were made for liquid helium at
various levels of liquid helium in the dewar. The heat lcak varied
between 7.3 W and 4.3 inches of liquid helium over the coil to 9.5 W
with 12.9 inches over the coil. This range in height is approximately
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the operating range for the liquid helium level. These results are
summarized in Tables VIII and IX. Also shown in Table VIII is the
predicted heat leak of 10.5 W. Thus there is good agreement between
the predicted and measured heat leaks.

The quantity of cryogen used for cooidown was also monitored
during the test. 159 liters of liquid nitrogen and 140 liters of
liquid helium were used. The values predicted as outlined in Section
II-3-e, 100 kJ Coil Non-Conducting Dewar Design were 73 to 158 liters
for liquid nitrogen and 145 liters for liquid helium. The values for
liquid helium are in good agreement. The measured value for liquid
nitrogen is slightly higher than the upper limit as previously calculated
would allow. However, considering the crudity of the model and the
complete lack of data concerning the thermal properties of Micro Cel
T-4, this was considered to be reasonable agreement. The results are
summarized in Table VIII.

g. Conceptual Light Weight Non-Conducting Dewar

This dewar is more fully described in technical report AFAPL-TR-
72-38, Vol. I. However, for convenience, a brief description is given
below.

The dewar is shown in Figure 24 and a summary of its specifications
is given in Table X. Based on the results of the model non-conducting
dewar evaluations, some minor changes have been made to the design
presented in AFAPL-iR-72-38, Vol I. As before, it is proposed that the
outer shell be made from hand laid up 2-ounce fiberglass mat using
GP-IOOP polyester resin as a binder, but that the inner shell be made
from the high density epoxy/fiberglass material made by an autoclave
process,

The non-conducting dewar provides the thermal insulation, the
structural support, and the dielectric characteristics required by the
coiB during pulsing operations. Very high voltages occur during pulsing
in the electrical connection between the coil terminals and the vacuum
interrupter terminals; therefore it is desirable to mount the circuit
components exposed to this voltage as close as possible to the coil. The
dewar design permits the mounting of these components directly to the
upper closure head of the dewar, where they are surrounded by an
electrically insulating cover.

The outer shell is designed to withstand 15 psia external pressure
and integral stiffeners are used to minimize the she'll weight. For the
same reason reverse dished heads are used for the end plates. The
inner, helium vessel is an internally loaded shell. To minimize the
quantity of helium dead space, it was designed to re-enter the bore of
the coil. The radiation shield is cooled by boiloff gas from the helium
vessel thereby eliminating the need to carry liquid nitrogen. The shield
is insulated on its outer surface with alTiminized mylar. This material
is electrically conducting and to avoid circulating currents induced by
the changing magnetic field, it must not be allowed to form a closed loop.
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Table X

SPECIFICATIONS FOR THE FLIGHT SYSTEM

NGN-CONiDUCTIiNG DEWAR

Overall size 32" dia. x 66" high

Weight (exclwding coil) 246 pounds

Insulation Aluminized mylar

Shell and head material Fiberglass

Radiation shield cooling Boil off helium

Outer shell thickness 0.250"

Inner shell thickness 0.187"

Color White

Helium volume over coil "I00 liters

Steady state boil off, estimated <3 liters/hour
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This is achieved by covering the readiation shield alternately with
"shingles" of mylar and aluminized mylar so that there is no continuous
conducting path to form a closed loop. The pressure in the vacuum
jacket will be maintained in the 0.01 pHg to 0.001 phg range by using a
molecular sieve material bonded to liquid helium temperature panels.
It has been shown (3, 4) that helium gas can be readily pumped at 4.2 K
using this technique. The molecular sieve pump will be fitted with a
heater so that it may be activated during evacuations of the vacuum
jacket.

This design was developed from results obtained tAuring a parametric
study the purpose of which was to minimize the weight of inductive
energy storage systems having particular mission constraints. Part of
this optimization procedure involved the use of a computer sub-program
which design.d a minimum weight dewar around the coil. The parametric
study is described fully in technical report AFAPL-TR-72-38, Vol. I.
An appendix in that technical repcrt describes the dewar weight of
optimization sub-program and Volume 3I1 of the report details weights
for systems having a large range of mission constraints.

h. Surmary and Conclusions

To advance the state of the art of non-conducting dewar design to
the point where a reliable non-conducting dewar could be used to contain
and operate a superconducting energy storage coil, a development program
was carr•eid out. if..,is prvyra,,, ivoivd CVQuFIUdL Ii Ikely non-conductU i -g
materials and usino these materials to build model non-conducting dewars.

These non-conducting newars weire tested under operating conditions.
The information acquired in this experimetnal program was used to design
a non-cor:ducting det.ar to contain a 100 kJ energy storage 'oil

The dewar was operated successfully and measurements made during
testing confirmnd rl e validity of the design techniqý,es employed and of
the methods used to predict its pzrfurmance.

Starti~g with the res.its of a parametric stud), the purpose of
which was to create minimum weight irnductive energy storage syst.m,, r
designs, a conceptua) design for a light weight flight system was
produced.

4. VAPOR COOLED LEADS

a. Jntroductior,

The use of electrical leads to carry current from rooio temperature
to a coil at liquid helium temperature results in a heat leak into the
cold region. The effect of this heat leak is to increase- the quantity
of helium wnich must be carried during a mission thereby incr,-osing
systeam weight. Therefore, 2fforts must bu made to 'ninimize thi': heat
leak. lhere are a number of approaches to the solution of this problenr
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and the best method depends upon the mission constraints of the
particular system.

In this program the greatest emphasis was placed on designing the
leads for the experimental system. They were designed in such a way
that they could be reliably operated over a range of operating
conditions, the most stringent of which was continuous operation at
high current. Consequently, they do not give the minimum achievable
heat leak for pulsed current conditions. However, analyses were
conducted which led to design criteria and predicted performance for
current leads intended for pulsed applications.

In inductive energy storage systems which operate under pulsed
current conditions, high voltages are generated between the two leads
carrying current to the system. Thus, in addition to the cryogenic
aspects, careful consideration was given to the probelms involved in
avoiding voltage breakdown between a pair of leads. The situation is
aggravated by the fact that in superconducting systems the environment
of the current leads is gaseous helium which has particularly poor
breakdown characteristics.

b. Cryogenic Aspects of the Current Lead Design

Most electrical leads for helium temperature use are designed for
steady state operation. The lead design is a compromise between heat
conduction down the lead and electrical resistance of the lead. Toreduce NII heat -le t the l ov i 1-..,.rature, the boiloff helium is

normally used to cool the lead and counterbalance the heat conduction
down the lead. Scott (5) discusses the principles involved in counter-
flow current lead design and derives a solution for the differential
equation determining the temperature of a current lead. The paper
contains an adequate t'bliography.

For steady state leads which use the boiloft gas to reduce heat
flow the amount of helium required is proportional to the current the
leads are designed to carry. Under these conditions the required amount
of helium is approximately 3 liters/hour per lO00 A for a pair of leads.
When the current is not flowing, the boiloff rate drops to about 1.6
liters/hour for the same leads. Typical boiloff rate data is shown in
Figure 25 for several sets of leads designed for steady state operation
,.t an optimum design current. The data is plotted as a function of the
ratio of operating current to design current.

It is in the interests of economy to minimize the helium boiloff
during the course of the experiment. Since the leads for the greater
part of the experiment do not carry any current the cross sectional area
of the leads should be as small as possible to minimize the zero current
heat leak into the dewar through the leads. On the other hand, the
area of cross-secticn of the leads should be large enough that they do
not burn out when operated at the nmaximunm RMS current at which experiments
are to be run. Furthermore, the optimum current should not bý se far
below the maximum operating current that excessive boiloff is incurred
when operating at the maximum current. The currcPt at which the coil
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stores 100 kJ of energy is 2,000 A and since experiments which involved
continuouis operation at this current were planned, it was necessary
to ensure that the leads would not become overheated at this current.
The current for which the leads were optimized was thus a compromise
between these conflicting requirements. The current eventually chosen
was 1,250 A. Leads optimized at this current can be safely operated
at 2,000 A and without excessive boiloff. On the other hand, at zero
current the heat leak due to the leads is only about 17% of the heat
leak into the dewar from all sources. Under normal operating conditions
the design is conservative since it was assumed that the only gas vented
through the leads was that due to the leads themselves. In practice,
the flow through the leads is greater than this since a portion of the
boiloff due to other sources is channeled through them. This has the
effect of providing additional cooling thereby increasing the margin
of safety and decreasing the heat leak to the dewar through the leads.
Figure 26 shows the predicted boiloff for the pair of leads designed for
the 100 kW coil system. It is assumed that no additional background
boiloff is available for cooling.

Figure 27 is a schematic of ine of the current leads. The current
flows along 37 O.F.H.C. copper tubes. Each tube is 55 inches long and
has a 0.125 inch diameter. The wall thickness is 0.015 inch. The
37 tubes are assembled in a hexagonal pattern and are soldered into
copper header blocks at each end. The whole assembly is held in place
by a 304 stainless steel tube (1.25 inch OD, 0.035 inch wall) which is
soldered to the header blocks. The boiloff Ielium gas flows up the
inside of the tubes only.

As was indicated above, in the experimental 100 kJ coil system
the boiloff due to the leads is only a relatively low fraction of the
boiloff due to all sources. Consequently, the total system boiloff is
insensitive to current lead design. However, in a light weight system
the heat leak due to other sources would be much smaller. Therefore,
in such a situation more attention rust be paid to minimizing the
boiloff due to the current leads. Clearly, in a light weight system
the background boiloff due to the dewar components would be used in the
design to give a smaller area of lead cross-section. In addition to
this, in the systems under consideration, relatively large quantities
of boiioff gas are produced due to coil losses arising from transient
operation. This additional boiloff may be used to cool the electrical
leads, hence, the leads may carry currents considerably in excess of
their capability under conditions of zero additional boiloff.

The relationship between the steady state design current for a pair
of leads and their current carrying capability when additional boiloff
is available is analyzed in detail in Appendix VII (Vapor Cooled L ads
for Pulsed Operation) of technical report AFAPL-TR-72-38, Vol. I.

For the convenience of the reader the results of this analysis are
sumnarized in Figures 28 and 29. The symbols used in this figure are
given below

is = steady state operating current (at optimum value for the
particular lead)
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Ip = R.M.S. current during transient. operation

Wp = helium flow rate generated by losses within the cryostat

k = a uonstant of about 3 liters/hour/kA/pair of leads

Figure 28 shows in ncrPalized form the effect of additional
helium. boiloff en design current for vapor cooled leads. Given the
additional boiloff available during operation (W ) and the R.M.S.current during operation (I p), the steady state design current (I.)

may be found.

Figure 29 shows in normalized form the effect of the leads on the
total boiloff as a function of the additional available boiloff. Three
cases are shrown: (1) no leads, where the excess boiloff equals the
total boiloff; (2) leads inserted, but not operating; and (3) leads
operting at the overrated current made pos-ibie because of the excess
'jiloff duct to the other sources. Note that the leads have very littlP
effect on total boiloff when the excess boiloff is high enough.

c. High Voltage Aspects of the Current Lead Design

In inductive energy storage systens in which high energies are
discharged in short times, large voltages appear between the current
leads. The leads nust be designed in such a way that voltage breakdown
-is prevented. In syst*eis which make use of helium particular, rare must
be exercised because tTelium gas has very poor voltage breakdown
characteristics.

In any gas the breakdown voltage for ,infiorn electric fields is a
function of the product of gas dfensity and electrode separation only
(Pascheris Law)(6). The gas density is a function of pressure and
temperature. Since for a number of reasons superconducting energy storage
systems operate with the helium at atmospheri: pressure the breakdown
characteristics of the helium withir the system depend only on the lead
separation and on the temperature of the heliom gas between th, leads.
Figure 30 was derived from opta given by Gfrhoid (7). This figure
gives the voltage breakdown for unifonm field strength of helium qas at
atmospheric pressure as a function of electrode separation at various
temperatures. Alsi shown in the figure for comparison is the breakdown
voltage for air at room temperature. It cae be seen that at room
temperature the properties of helium gas are about a factor of 18 worse
than those of a;r and oily when the lempei'ature of helium qas has dropped
to about 20 K do the properties of hl.lium gas upproach those of air. At
4.2 K helium gas is superior to air.

The tf-nperature of the gas in the dewar varies from 4.? K near the
liquid hel .1m surface Lo room temperature near the dewar cover plate.
Since the leads are equidistant at all points, the critical region then
is near the top of the leads where they pass through the cover pla:e.
TPe leads were placed so that there was the areatesL distance possible
hetw ,P~n thprn i-rnnOi f nt with thga - -n÷-'i,÷. .. .A k.. L-.- -j-__.... -: ...
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about 60 cm and reference to Figure 30 shows that the breakdown voltage
for this separation is about 80 kV. If there were no other effects
this separation would be adequate since the maximum voltage planned
during testing was 60 kV. Unfortunately, there are further
complications. It will be remembered that the data given in Figure 30
is for a uniform electric field strength which in practice is difficult
to achieve. It certainly is not the situation in this system. The
geometry of this system is that of two parallel cylinders and this gives
rise to a non-uniform electric field distribution; the electric field
strength peaks at the surface of the cylinders. The ratio of the peak
field strengch to the average field strength is a function of the
electrode separation and the radii of the cylinders. Figure 31 shows
the electric field concentration factor for equal radius parallel
cylinders as a function of the ratio of cylinder radius to cylinder
separation (8).

A schematic of the current leads in relation to the coil and
dewar system is shown in Figure 32. The leads themselves are 3.2 cm
in diameter and their center to center separation is 62.2 cm. Below
the neck plug electrostatic shields of diameter 7.2 cm were fitted.
The effect of the shields is to reduce the ratio of cylinder spearation
to diameter thereby reducing the electric field concentration factor.
Because of the presence of the neck plug, it was not possible to
extend these shields to the top of the leads.

The electric field concentration factors for- the leads in the

region of the shields and in the region away from the shields are 3.0
and 6.3- respectively (see Figure 31). To decide whether or not there
is sufficient separation between the leads *in the two regions described
above involves comparing the expected electric fields in the two
regions (taking into account the concentration effect) with the break-
down electric field strength at the temperature of the leads in the
two regions. The data given in Figure 30 was rearranged to give
Figure 33 which is the electric field breakdown strength of helium gas
at atmospheric pressure at various temperatures. The properties of
air are again shown for comparison.

The worst case for each region is for the part of the region at the
highest temperature. In the region which has the electrostatic shields
the maximum temperature occurs at the bottom of the neck plug. The
temperature here was estimated to be about 20 K. In the region which
has no electrostatic shields the hottest part is at room temperature,
at the top of the leads.

Figure 34 shows the peak electric field strength in the two regions
as a function of the voltage applied between the leads. Also shown are
the breakdow- electric field strengths for helium gas at the temperatures
of the hottest parts of the two regions. The points at which the break-
down electric field strengths for the two regions intersect their
respective voltage/electric field load lines give the predicted maximum
voltages which can be applied to the coil terminals before breakdown
occurs.
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It can be seen that the predicted breakdown voltage for the region
which has the electrostatic shields is 280 kV which is very safe.
However, the predicted breakdown voltage for the region without shields
is only 16 kV which is quite unsatisfactory. Consideration was given
to surrounding the leads in the unshielded region with a teflon or
other insulating barrier but it was found that for it to be effective
it would have to be inconveniently thick.

The analyses conducted so far assumed that the region between the
leads was occupied by nothing but helium gas. In fact, this is not
the case since in the critical unshielded region the foam of the neck
plug fills the gap. It might be expected that this material, since it
is an electrical insulator, would have the effect of increasing the
electric breakdown strength of the gap. However, data concerning the
properties of open cell polyurethane foam in the presence of helium
gas was not available, so no theoretical predictions could be made.
It was therefore decided to examine this situation experimentally.
This is described in the next section.

d. Experimental Program for Testing the Current Leads
In order to determine the electrical breakdown characteristics of

the helium gas permeated open cell polyuretlane foam between the

electrodes a full scale mockup of this region was made. This is shown
schematically in Figure 35. Holes having the seme diameter as the

current leads and with spacing equal to the current lead separation
were cut in a 6 inch by 6 inct block of open cell, polyurethane foam.
Stainless steel tubes with the same diameter as the current leads were
inserted into the holes in the foam and were electrically ronnnpcted to
a high voltag(" powev supply through a curresnt limiting resistor and
a current monitor. The assembly was pilaced in an airtight container
whict, w~as the!n evacudted. A.fter th~e 3ir had been re-moved, the container

was, Lec.-flushed with helium. A voltage was applied between the stain-
less ,stee tubes and te current throcgh the circuit was recorded, The
',ighýst voltage applied was 5C kV (.the highest available to us at that

t ,we 1. SeveTral rui-s'.-. were carried out and the resul ts are su'iiuarized!
in Table XI. The: current reading wet-e converted inju an f-ffective
resistance for the hle', ium gas!/tl'; enviro:mmtef:[ As can .e s2een fromi
Table XI the resistances m.as.,.,red were very high an.U: at ro time was
bruahuaowrn observed. The rcaults of thes- tests gave conlidence that
thr eIectr icaly mois L hgiy stre:;s,-. pit uof tI-e systeli couid be cpera ed
safe'.y with 5U kV a;ro.s the coi I terr.,inc>.-. hiu,•t-vur', the voltage at
whic;h ar.c in would occur was not. knowni.

Further experiniets were carried ouu during th:. tests on the( !U0 kJ
cci sy_,ten. A capo.itor (.25 uF) wes dhary.-ýd to volcages up to 50 kv
(the ,ia t ot the power supply), it was then switche6 o- to the coil
w ti, Lile vat-urn interrupter amd allowed to ring; this circuit is show,'
in F igkw'e 36. As cai, bV seen fror: F-igure 37, ntu arcing was observ(-d
at up t'. 50 k1 fn this figure the break in the current we.seform and
rapid dp'-.ay du, ing the f~rst three cycles is caused by the bouncL of
the" vricuw, interrupter contacts on closing; thi-, phenor:,¼rmor ý.ýs rlvcrved
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IJ
Table XI

EFFECTIVE RESISTANCE OF HELIUM AND FOAM AT 50 kV

Run Resistance (Mn)

1 60

2 74

3 64

4 74

5 81



VACUUM INTERRUPTER

H100 kJ COIL
HIGH C 51.5 niHVOLTAGESUPY - 0. 25jaF

SUPPLY

COIL TERMINAL VOLTAGE (kV) RESULT

50 NO VOLTAGE BREAKDOWN

63 ARCING WITHIN DEWAR

Figure 36 Schematic of Circuit Used for Hiqh Voltage Ringinq TesLs
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at all voltages from S kV to 50 kV. In order to extend this test to
higher voltages, the sense coil (used as a secondary transformer winding)
was driven by a 1 pF capacitor through the vacuum interrupter. As
illustrated by Figure 38 arcing occurred when the coil terminals were
driven to 63 kV. This, the maximum operating voltage of th2 present
system is between 50 kV and 63 kV. This is consistent with the tests
previously carried out on the full-scale mockup of the lead assembly.

e. Summary and Conclusions

A pair of vapor cooled current leads were designed which were
optimized for continuous operation at a current of 1,250 A but which
could also be safely operated at a steady current of 2,000 A without
excessive helium boiloff. The predicted boiloff due to the leads was
2.5 1/hour, 3.9 1/hour and 6.9 1/hour for zero current, 1,250 A and
2,000 A respectively. It was not possible to measure separately the
boiloff due to the leads themselves, but measurements of total boiloff
from the system were consistent with the predicted boiloff due to the
leads.

In this lead design no attempt was made to reduce the Loiloff due
to the leads to the minimum possible for leads operating under pulsed
conditions. However, analyses were conducted to arrive at aesign
criteria for current leads operating in a pulsed mode. The results of
these analyses are presented.

Since the leads were to be run with high voltages oetween them,
both theoretical and experimental studies were conducted to arrive at a
sioable design. High voltage experiments conducted during the test
on the 100 W coil system indicated that limiting operating ioltage
ay be- ,,een $0 k and 63 V.' This was consistent with the results of

the studies conducted during the design of the leads.

5. 100 U COIL DESIGN

a. Introduction

A light weight 100 W superconducting energy storage coil capable
of being pulsed repeLitively at a rap;id rate with high voltaqp aup;earing
across its terminals is not a trivial design problem. Such a coil is
at the state of the art of superconducting magnet technolec1y. There are
many design aspects which must be thoroughly investigated Tn order to
arrive at a successful coil design. The conductor must be -,uch that
when the coil is operated in a transient mo)de the heat whicn is ocrierated
within the windings must not be so great as to raise their tempurdture
beyond critical and the cooling channels lrust be large enougra thit the
helium gas evolved does not choke ther,. The wiirdingsr, "ust be supiorted
against electromagnetic forces with a structure weich is both 1 •lt
(to minimize the cuil weight) and non-conductinq (to avoid eniru}
dissipation due to eddy current heating). The layers of windin s in the
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coil must be well insulated from one a-ther to avoid voltane break-
down between them but their separation and the weight of the insulation
between them must be made as srml, as possible to achieve low weights.
These requirements and many others are frequently conflicting and a
successful design involves an overview of all design aspects so that
appropriate compromises may be made be:ween contradictory demanas.

To achieve this overview a theoretical .ind experimental program
was embarked upon. Particular attention was paid to conductor design
since it is this design aspect which has the greatest impact on the
final coil configuratio,. Much of this work was reported on in tech-
nical report AFAPL-TR-7TI.38, Vol. I but summaries will be given here in
the appropriate places.

This section of the report will deal with: analyses conducted to
achieve a coil design whii.;h would be suitable for a light weight system;
analyses which predicted certain coil operating limits; a description
of the construction of model cojil_ built to test the validity of
conclusions reached from these analyses; and details of the electro-
magnetic, mechanical and high voltage aspects of the 100 kJ] coil design.
The results of testing the model coils and the 100 kJ coil will be
described in Section III-2, Coil Evaluation Program, Limits of
Performance. Although the relevanc, with respect to coil design of the
losses due to pulsed coil operation will be described in this section,
details of the loss mechanisms, loss models and loss measurements will
be described in Sections 111-3, 5, 6, 7, Coil Evaluation Progratm.

b. Optimization of Coil for Minimum System Weight

The weight of a superconducting inductive energy storage system is
determined by the weights o' a numbe:" of system components. These
components fall into the following categories: energy storage coil
and current leads; dewar; cryogen; current switch and switch actuator;
power supply; and electrical circuitry. For a given set of mission
constraints, the latter three items, are ultimately determined by the
characteristics of the load and t0ere is only a small amount of freedom
for varyiylu theilr weights. Th.e first, Cthr items ho.evr are strongly
dependent on the choice of coil geometry, operating field, and
conductor. It is the influence of the coil design on the total weight
of coil, dewar and cryogen that will be described in this section.
For a more deta 4 led dccoutnt the reader should refer to technical report
AFAPL-TP-72-38-Vol. I, Section I1 Parametric Analyses, and AFAPL-TR-
72--38-Vol. iii, Weight Optimization for Fnergy Storage Coil, Cryogen
and Dewar.

When a ruperconducting magnet is operated in a pulsed mode, energy
is dissipated in the windings. lhe amount of energy dissipated depends
upDn the characteristics of the conductor, the quantity of conductor in
the coil, the maximum field to which the coil is charged 'nd the rate
of change of field which tnp conductor experiences. The details of this
loss mechanism are trealcd more fully in technical report AFAPL-TR-
72-38-Vol. I, Appencix II Conductor Losses During Transient Operation,
and also in Section II-3, Theory of Losses in Pulsed Coils, of this
report; a brief cutline, howLver, will bi- given here The energy losses
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fall into three categories dependir,q on the regime in whicn the coil is
operating. These are: magnetization loss due to the superconductor
itself; eddy current loss due to currents induced in the normal matrix
surrounding the superconJuctor; and transport current loss due to the
normal matrix, should the superconductor go normal.

The magnetization energy loss is not time rate dependent. It is
a hysteretic type loss whose iialitude depends for a given conductor
only on th" size of the hysteres', loop. The loss is approximately
proportionel to the maximum field eA,':rienced by the conductor. The
energy loss per unit volume o the superconductor is proportional to
the diamete.- of the superconductor. Thus, to minimize the magnetization
energy loss per unit volume both the wire diameter and the maximum field
excursion sh)uld be as small as possible.

!he eddy current energy loss per unit volume is proportional to
the rate of change of magnetic field, to the square of the wire
diameter and is inoersely proportional to the normal matrix re ;tivity.
Therefore, for a given :=t of mission constraints (which define the
pulse shape) to minimize the eddy current energy loss per unit volunie
the wire diameter and the maximum field should be as smdll as possible
and the matrix resistivity should be as high as possible.

The transport current loss per unit volume (in the situation where
thp superrnnductor goes normal) is proportional to the transport current
density in the matrix and the matrix resistivity and is inversely
proportional to the time over which the superconductor is normal. Thus,
to minimize the transport current loss, the current density and the
resistivity should be as low as possible and the time over which the
conductor is normal should be as small as possible. It can be seen
immediately that there is a conflict in the resistivity requirements
for minimum eddy current loss and minimum tranqDnrt current loss. Other
conflicts occur when the weight of the coil is considered; for example,
a low transport current density in the matrix would imply a large area
of cross section of matrix aria therefore a high coil weight. The final
choice of conductor involves a colopromise between these conflicting
requirements. Clearly wl,atever the final choice of coil geometry and
operating field is the situation can only be improved by reducing the
losses by a suitable choice of wire diameter, matrix resistivity and
transport current density. Leaving aside for the moment the impact on
systc, weight ot the geometry and operating field of the magnet,
consider the effect of wire size, matrix resistivity, transport current
density and pulse shape on the energy losses.

As far as the trdrsport current density is concerned, there is little
choice. The area of cross section of normal matrix must be low so as
to minimize the conductor weight. The mode of operation of the 100 kU
energy storage coil is for a relatively long (about 0.2 s) charge and a
rapid discharge (about I ms). Of all the losses considered, if a low
area of cross section matrix is used, the transport current density loss
is potentially the highest. It would be greater than either the
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magnetization loss or the eddy curr2nt !-.-, both on discharoe and on
charge. The losses due tO tiie transport current on charqo would be
totally unacceptable. Therefore, since it is not possible to reduce
the currort dnýcit, i . .. Ithat It;: coil be fio..
going normal during charge and extremely desirable that it shojld remain
Superconducting on discharge.

This is achieved by putting sufficient normal rPiatrix around toe
superconductor to meet stability (Q) criteria and by reducing the losses
due to eddy currents dnd superconduitor magnetization to a point where
the temperature rise in the conductor does not exceed the super-
conducting to normal tr-drfition temperature of the superconductor.
AnalySes were conducted to estimate the magnitude ot this ettect and
they will be described in detail in Section 11-5-c. Fortunately the
eddy current losses at discharge times of the order of 0.? s are small
in comparison with the magnetization losses even when a low resistivity
matrix such as copper is used. The problem then reduces to minimizino
the magnetization losses in the superconductor itself. Thus, since the
magnetization loss per unit volume is proportional to the diameter of
the superconductor, :he diameter must be made as salil as possible.

A possible way of achieving this would be to make a twisted
multifilamentary wire in which superconducting core diameters of the order
of 4 :I.m can be obtained. However, the filaments in such wires behave
independently only if the twist pitch is less than a certain critical
value k(D) dependent among other , thins on ,atrix resistlvit• and ttne
rate of change of magnetic field to which the wire is subjected. A Uuv
this critical twist pitch the bundle of wires behaves as if it were a
solid wire having the same diameter as the bundle. For a copper- matrix
the twist pitch could be made sm:all enough for conditions during charge
(about 0.2 s) but during discharge (about I Ms) the twist pitch would
have to be impractically small. The critical twist pitch could be made
larger by using a higher resistivity matrix Such as cupro-nickel bu.
this is not desirable since if this were done then: (1) the stability
criterion would require a larger area of normal matrix thereby
increasing the weight; and (2) if the conductor should qo normal on
discharge then the transport losses would be correspondingly hi~jher. The
multifilament cupro-nickel matrix wire was therefore rejected in favor
of single core material with a copper matrix.

Thus to achieve minimum losses and to ensure that the conductor
remains superconducting on clharge a single core of niobium titanium with
as small a diameter as possible surrounded by the niniirlu' ai',ount of
copper necessary to mP.et the sta)ility criterion is required.

Magnetic Corporation ct America has produced niobium-titanium/copper
wires of diameter as small as 2.0 x IC-0 inch diameter in developr;ental
quantities and 4.5 x 10-' inch diameter wires in production quantities.
Analyses indicated that 4.5 x 10-3 inch diameter wire havinq a copper to
superconductor ratio of 1.4:1 would have losses much smaller than those
necessary to drive the conductor normal during charge. Durinn discharge
the situation appeared to be marginal in that under certain circumstances
parts of the coil in the high field regions might go nnrmal (this will
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be discussed further in Section !I-5-c, Effect of Transiert hieating on
Coil Performance). In view of the results of these analyses, it was
:._ciaed to use 4.5 x 10- inch diameter wire as a basis tor furtner
theoretical and eAperirental studies. This avoids the e. pe!rse wt.ic,
would be involved in developinq capabilities for laree scale prnduction
of 2 x 10-3 inch adiameter wire. Di'penorwnc on the particular circuit
requirem.risc of a systLem a nur ber of tnese 4.5 x 10-' inch dia-eter
wires would nave to be grouped in some way to attain the dersired opzrating
current.

Having arrived at a particular conductor desiqn by a process of

compromise involving: minimizing losses; winimizing weignt, ensurn,]
superconductive properties throughout, the cycle; and pracLica[ilitv of
manufacturing, we can now turn our attention to the influence of coil
characteristics on system weight.

The cryogenic system consists of the coil, the dewar and the
cryogen. it is the combined weights of these three items which must bDe
minimized. At a given current density, the coil volur-e (and therefore
coil weight, given a particular method of construction) mav' be iiniv;ized,
for a given stored enerqy by giving it the dimensions of d Brooks Coil
(11). However, this geometry gives a hich field arid therefore such a
coil would generate high losses. This results in a high cryoren
consumpDtion and thprpefnrp la rgeo weight oft cryonea to ;" rr'ed. Sin,-

this cryogen must be c-ontained, a large dewar is necessary which further
adds to the system weight. The net result is a hiqh system weiaht.
Firthermore, the critical current/critical field characteristics of
superconductors are such that at higheýr fields smaller currcnts can
bt carried. Since the current density is lower more conductor is
recuired for a Brooks coil than that reo-jired for a non-Brooks coil
operating at a lower field. Thus by reducing the operatinn field
str2ngth the losses become lower, thereby reducir,g the weights of the
cryogen and dewar, ?nd the coil weight becomes lower because it is
possible to operate the coil at a higher current density.

This saving in coil weight is made possible to a large extent by
the fact that large excursions in geometry from the rnini!iur,, volurie Brooks
coil shape do not result. in larqe increases in coil volume, i.e., the
optimum is ver- flat. The small increases in volume are more than
compensated for by the reduction in field strength that allows a higher
operating current density. The deviation fromi the o[tLniu, which reduces
the field strength is one in which the coil diameter is increased.
However, as the coil ciameter is increased more and more there eventually
comes a point at which the volume increases so quickly that the increase
in current carrying capability of the superconductor cannot compensate
for it and the coil weight then beqins to increase. Ihis is the noint
at which the coil weight is optimized. It is still not necessarily the
point at which the system weight is optimized though.

If the coil diameter is allowed to continue to increase past the
point of mirlinium coil weight the field is still being reduced and there-
fore the cryogen weight is still falling as is the weight of that part
of the dewar which contains the cryogen. However, it must be remembered
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that in addition to containing the cryoqen, the dewar also contains
the coil and this part o+ the dewir hias been qrowinq during the time
the coil ha- been increasing •n diameiter, There evenrtually cornes a
point (on the hiqher diameter side of toe coil miii'iur, weiiht: whelrc
the combined increases in weight ot the coil an,' that part of the It,.-
wnich contains the coil exceeds the combined decreases in w.eio•t of
the cryogen and that part of the dewar which: contains trhe cryogen. This
is the point of m, inimur.m systLeim weight.

Tnus in general in a ninnimun wei ght system tne coil we ght is not
the minimum achiavaDle. How far toe coil weireht is froim its mnimurl

weight depends strongly on the magnitude of the L,'yogern welLInt with"
respect to the weight of the coil. ln, cryogen weiuht is determ~ined
by the loss per pulse .nd the total number of pulses renuired per
mission. The smaller the losses per pulse and the sm~aller the nvt'.her
of pulses per mission then the closer is the coil weinht to its miini!U,.u'
achievable weight. For a more detailed description of this analysis,
the reader should consult technical report AFAPL-TR-72-38-Vol. I,
Section II, Parametric Anaalyses.

The results of applying this optimizatiur procedure to a lightweight 100 kJ coil system are shown in Table XII. System and coil

weights are shown for systems in which the coil weight is optimized
and in which the system weight is optimized. Two conductor diameters
ar c ns ed. It can be seen that:

(1) For both wire sizes the optimum coil weight is the same.
This would be expected since the coil weight is not a
function of wire diameter.

(2) When the wire size is reduced the system. weight falls
irrespective of whether the_ coil weight or the system
weight is optimized.

(3) When the wirn size is reduced the coil weight for the
system optimized situation is nearer the optimum coil
weight.

WY,(A For both wire sizes a small deviation from the optinum

coil weight produces a large reduction in system weight.

This table is presented as an illustration of the preceding
arguments; the system shown in Table XII is not relevant to the experi-
mental 100 kJ coil system.

Technical report AFAPL-TR-72-25-Vol. III gives a detai'ed descrip-
tion of the optimization procedure outlined above and presents the
results of a parametric study for a larqe number of systems. The
range of variables used in this parametric study are shown in 7,hble XIII.

To summari7P: based on the results of an analysis of losses
dissipated in muperconducting wire experiencing transient magnetic field
conditions, a 4.5 io 1-0 inch diameter superconducting wire was chosen
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Table XIll

RANGE OF MISSION CONSTRAINTS USED IN THL PARAMETRIC STUDY
TO DETERMINE SYSTEM WEIGHTS

Stored Eneryy (J) 1U' 10- , 10 7

Pulse Length (.,;s) 10, 50, 100, 250, 400

Total Pulses 3 x 102  3 x 10 3 x 10o

Superconducling Wire Diameter
(10-l inch) 0.5, 2, 5

Copper to Superconductor Ratio 1, 3
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as the most suitale component. for constructinq tie Lorductor tot thc
100 kJ coil. An analysis of thy effect of coil geometry aind operating
field on system weights indicated that the coil should be cf large
diameter and low field. The conducto?- and coil geometry lor tile
experimental 100 kJ coil systen; were chosen with the results of thesL"
analyses in mlnd.

c. The Effect of Transient Heating on Coiil Performance

As was indicated in Section I1-5-b, OpTi•IZdtion o! Coil for
Minimum System Weight, when the conductor in a superconducting coil is
subjected to transient field conditions energy is dissipated within the
conductor. This energy dissipation results in a temperature rise
within the w..i..ngs, the magnitude of e"hich dpncds on the power
dissipation per unit volume, the time over which this dissipation
occurs, the thermal diffusivity of the windings and the heat transfer
characteristics between the windinas and the helium bath. Since
superconductors exhibit a temperature (dependent on ambient field and
current density conditions) above which they revert to the normal state,
thp a! 11",hle tmup-rture ris- i! limited. Cool ino must be adequate
to allow the peak current level to be reached while the conductor is in

a superconducting state and must be good enough to allow the tempera-
ture of the wi.,dings to decay in such a way that over a long train of
pulses, there is no cumulative increase in temperature.

To investigate the trnsient thermal behavior of the windings two
models were considered. In each case for mathematical tractability a
one dimensional model was chosen. The windings were considered to be
slabs with homogeneous thermal properties infinitely wide in two
dimensions and having a tHickness of 2.9 where k is the thickness of
the actual windings. Cooling was assumed oi both faces.

In the first model, uniform heat production per unit volume was
assumed. The purpose of this model was to estimate the temperature at
the center of the slab as a function of time. This model simulates
conditions during the charge or discharge period, Physically what
happens is as follows: when energy dissipation starts the temperature
of the windings is the same as the bath temperazure so there is no
temperature differential to drive the heat into the bath. Therefore,
the temperature of the windings at first rises rapidly. As a temp-
erature difference between the windings and the bath builds up more and
more heat is driven into the bath. This, togetner with the fact that
the specific heat and thermal conductivity are rising, causes the rate
of temperature rise to fall. Lventually an equilibrium situation is
reached where the energy dissipated per unit time within the wirdings is
ex~ctiy matched by the energy transferred into the bath per unit time
and the temperature of the windings reaches a plateau.

The second model pertains to conditions during the period between
pulses. It is assumed that the temperature of the windings has an
initial parabolic distribution (maximum temperature at the center of
the windings and minimum at the cooled surfaces). In this case there
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is no heat produc.ion and the purpose o0 tne model is to estiirmte the
maximum temperature cf the windings as a tunction of time as the 4

temperalure decays.

Carslaw and Jaeger (12) give solutions to both of these models
and a detailed account of the analyses are givern in technical report.
AFAPL-TR-72-38-Vol. I, Appendix IV Therr.al Transients While Pulsing.
The windings of course are not homogeneous so in usinq these rnodels to
predict winding tem'per,'tures suitably averaged values of thermal
properties were used.

Figure 39 shows the predicted temperature rise at the hottest part.
of the windings in the 100 kJ experimental coil during the charge
period (assumed to be 0.167 s). The assumption was made that the
energy generated during the charge time was generoted uihiformly over
the charging period. A ma;imum value of temperature is reached in
about 20 ms which is short compared with the charge time of 167 ms.
This means that the winding comes into thermal equilibriun and loses
heat at the same rate as it is generated. The value of temperature
rise of 0.22 K is small, which means that no superconductinc' to normal
transition will occur during the charge provided thait the initial
temperature of the windings is near liquid helium tempe-ature. The
heat which is generated during the discharge part of the cycle is
generated in a short time, and since very little heat can escape, the
situation is essentially adiabatic. Enthalpy calculations indicate
that the temiipraturP of the windings rises several Kelvins in this
time. If values of the energy dissipation averaged over the coil are
used the maximum t ise i the winding temperature is about 3.5 K. If
values of energy dissipation at the peak field position are used, the
temperature rise is 7.3 K. This temperature rise is high enough to
suggest that some parts of the windings (in the higher field regions)
would go normal for part of the discharge period and from the results
of the loss measurements made on model coils there are indications
that this is happening. These results will be described in Section
III-2-a, 1 kJ Coil Evaluation Tests.

During the interpulse period, the windings cool. The initial temp-
eratures are those which the windinas have reached at. the end of the
charge-discharge period, i.e., the sum of the steady state temperature
rise during charge and the adiabatic temperature rise during discharge
as described above. Figure 40 shows the temperature of the windings
during the interpulse period for initial temperatures based on average
energy per unit vc~lue and the peak energy per unit volume. A 16? ms
charge time and a 33 ms interpulse time was assumed for a repetition
rate of 5 pulses per second. These curves show that the windingt cool
in about 30 ms. This implies that for pulse repetition rates of five
per second, the charge time may have to be increased in order to give a
longer cooling off period between pulses to ensure that the temperature
of the wind',ngs at the beginning of each pulse period is near 4.2 K.

If at the end of a pulse period, the windings have not cooled to
their temperature at the beginning of the pulse period, the temperature
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on successive pulses will progressively rise until it exceeds thp
transition temperature for the operating cuirent and field. The coil
would then go normal.

There we-e indications during tests on the model coils that under

certain circumstances (high currents and short interpulse times) this
effect occurs. These results will be described in Section 111-2-a,
I kJ Coil Evaluation Tests.

In addition to ensuring that the temperature of the windings does
not rise to temperatures whereby transition to the normal sLate occurs
precautions must be taken to limit the heat flux into the cooling
channels to values such that the cooling cha,;nels do not become choked
with helium gas.

Figure 41 is a figure taken from Smith (13) which illustrates
the boiling heat transfer characterislics of liquid helium I for vertical
flat plates. The characteristic can be divided up into three regimes.
For temperature differences between the plate and the bath of up to
about 0.8 K and heat fluxes up to about 1 14/cm"• the mechanism of heat
transfer is by nucleate boiling, and heat transfer coefficients are
high. Above temperature differences of about 2 K the mechanism is
film boiling and heat transfer coefficients a-e low. Between these two
is a transition regime which is not of much interest. This heat
transfer characteristic should be interpreted in the following way.
if we start with very low heat fluxes (in the Oucledte boiling regime)
only small temperature differences are necessary tc drive the heat
ac ass the interface. As the heat flux increases (still in the nucleate
boiling regime) the necessary temperature difference rises but is still
small. Eventually at heat fluxes of the order of I WicPC the peak
nucleate boiling heat flux is reached and if attempts are made to
increase the heat flux beyond this point a transition to film boiling
occurs and the temperature difference inceasPs to tenr of Kelvins.
Clearly in a superconducting coil heat fluxes nmust be limited to values
such that this peak nucleate boiling heat flux is not exceeded. The
situation is somewhat worse than that indicated in Figure 41 since this
is for a el ,,el -nilae Pat. If Lhe ventilation is reduced as it is
in a narrow cooling channel, the peak nuclear boiling heat flux is also
reduced. Figure 42 is due to Johannes (14) and illustrates the way in
which the peak nucleate boiling heat flux varies with the ratio of
length to diameter of the cooling channel It can be seen that the
curve if projected to small length to di•meter ratios would cross the
peak nucleate boiling heat flux axis at about 0.7 W/cm'. This corre-
sponds to a well ventilated vertical plate and is consistent with
the information given in Figure 41. As the channel length to diameter
ratio is increased, the peak nucleate boiling heat flux decreases and at
large length to diameter ratios is of the order of 0.1 W/cnr,

The cooling channels should be sized so that during the charging
period, boiling is always in the nucleate boiling reqime. This means
that the rate of heat transfer into the helium should be below the peak
nucleate boiling flux for the particular combination of channel length
and diaceter. Should the heat transfer rate rise above this peak
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nucleate boiling flux, transition to film boiling would occur with an
accompanying increase in the temperature difference between the helium
and the conductor surface. lhe channel would choke and the temperature
ot the conductor would exceed the critical temperature for ambient
field and current conditions, thereby sending the coil normal.

In the 100 kJ coil design the estimated heat flux during charge is
about 0.021 W/cm 2 in the peak field region of the coil (where the losses
are highest). The length to diameter ratio of the channel eventually
chosen is about 226. This corresponds to a pcak nucleate boiling heat
flux of about 0.08 W/cm' which is a factor of about 4 larger than the
expected heat flux. This is a satisfactory margin of safety and it is
also conservative since the cooling channels which include the peak
field region also include conductor which is in lower field regions and
which therefore experience lower energy losses. Thus, the conditions
for the channels which include the peak field region may be such that
the average heat flux for thcse channels is lower by a factor of perhaps
two. This of course will increase the margin of safety by the same
factor. Thus, there is no danger of the channels choking on charge.

During discharge of course conditions are much more severe since
approximately the same amount of energy is dissipated as that dissipated
during charge and the time available for heat transfer is approximately
100 times shorter. Under these conditions it is impossible to get rid
of the heat dissipated in the windings. Therefore, as was indicated
earlier in this section the thermal analysis of the windings was treated
in an adiabatic manner, i.e., it was assumed that all heat dissipated
was absorbed in rYising the temperature of the windings.

To summarize: as far as coil performnance is concerned there are
two importart aspects of thermal effects which must be considered.
Firstly there is the question of whether the heat dissipated in the
windings can escape from the conductor to the helium and secondly
whether the helium vapor so formed can escape from the cooling channels.
Analyses were performed to estimate the magnitude of these effects and
it was concluded that during the critical charge period these effects
would not adversely affect the coil performance. During discharge,
however, when conditions are much more severe it was concludtd that parts
of the coil in the higher field regions would go normal for part of the
discharge time. It was also concluded that there was th2 possibility
that, under certain conditions such as high operating current arid short
interpulse time, the windings might not cool to the bath temperature by
the time the next pulse began. Thus, under these conditions, the
temperature of the coil might steadily rise during the course of a long
pulse train.

d. Conductor Selection

Section II-5-b, Optimization of Coil for Minimum System Weight,
described the reasoning which led to the selection of a 4.5 x 10-3 inch
diameter niobium-tiLanium/copper superconducting wire as the basic
component for the conductor. Section 11-5-c, Effect of Transient Heating
on Coil Performance, illustrated the necessity of limiting the temp-
erature rise within the conductor and limiting the heat flux into the
cooling channels.
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The requirements of tP. electrical circuit determine the operating
current of the coil. In this case, current switching requirements fix
the current level at 2,000 A for the 100 kJ coil. The basic wire has
only a small current carrying capacity (a few amperes) and circuit
requirements for th, ..oil system are such that some hundreus Jf amperes
are needEd. Thus, a umber of these small wires must be grouped in
such a way that the current requirement is met and the limitations
regarding allowable temperature rise and allowable heat flux are also
met. What is required is a configuration for the conductor such that
it has a small thickness (to limit the temperature rise at the center
of the wire bundle) and a large surface area (to limit the heat flux
from the surface). A configuration which meets these requirements is
a braid composed of the appropriate number of basic wires. Thus, the
conductor chosen for the 1 kJ model coils was a flattened tubular braid
of 48 of the basic 4.5 x lO-3 inch diameter wires, each wire being
individually insulated. Figure 43 is a photograph of braid used in one
of the model coils.

The conductor selected for the 7 kJ model coil was exactly the
same except that because of higher' current requirements, three such
braids were wound in parallel.

The current requirements for the 100 kJ coil (2,000 A) called for
an even greater total number of strands. The conductor selected for
this ;as again a braid with 48 components but in this case each coipuri-

ent consisted of 3 of the 4.5 x 10' inch diameter wires. The 100 kJ
coil was wound with two such braids in parallel so the total number of
strands was 288. Figure 44 is a photograph of this braid. Although
the braided configuration is good with respect to its thermal charac-
teristics there are some disadvantages associated with it. These are
associated with problems involved in fabricating the braid since in
producing long lengths of such braid occasional strand breakage is
unavoidable. The implications of this are treated in detail in
technical report AFAPL-TR-72-38-Vol. I, Appendix III Operational
Characteristics of Braided Superconductor. However, a brief summary
will be given here.

If the break is detected and repaired the strand having the break
will have a resistance which the other strands do not have. Under
steady state conditions this strand will not carry current. Thus, even
if the break is repaired, under steady stdte conditions the current
carrying capacity of the braid is impaired. Fortunately, the time
required to reach steady state under certain circumstances can be so
long that the effect of the joint is not noticeable. It is shown in
Appendix III of technical report AFAPL-TR-72-38-Vol. I that., provided
the charge time of the coil is less than a certain critical time
depending on the inductance o' the strand, the joint resistance and the
coefficient of coupling betwcen strands, the effect is negligible. This
condition may be written:

tch R- r +-i- .
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Figure 43

braid consisting of 1 x 48 strands of 4.5 x 10

inch diameter superCoriducting wire. Each strand
consists of a single core of niobium titanium in
a high conductivity copper matrix. The copper to
superconductor ratio is 1.4:1.

FA 1 680
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Shown above are photooraphs of a braid containing 144 strands of .0045
inch diameter superconducting wires. This braid is manufactured 'y MCA
Htconducto- Division for use in pulsed superconducting magnets. The
braid shown is capable of carryinj over 2000 A of electric current.
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tch = charge time

L = self inductance of a single strand

R = resistance of repaired break

k = coefficient of coupling between strands

n = number of strands in braid

When this formula is applied to conditions pertaining to the 100 1I J
coil, it is found that the intended charge time is orders of magnitude
less than the critical charge time described above.

If the break is not repaired, the current carrying capacity of
that sti3nd is lost and the current load on remaining strands is
increased. Under certain conditions (e.g., very many fine strands with
the break occurring in handling after production) the break may not be
detecced; consequently, it may be desirable to periodically short all
conductors in the braid at intervals along its entire length. Shorts
of this type however may effect braid losses and operational
characteristics, This occurs because there a-e now closed loops in the
braid and it is possible under certain circumstances that the changing
magnetic field could induce a circulating current through the shorted
region thereby causing energy dissipation because of the resistance of
the short. Appendix III of technical report AFAPL-TR-72-38-Vol. I
derives an expression for a minimum length between shorts if the energy
dissipation within the windings is not to exceed a certain fraction of
the energy stored in the coil.

There is, however, a more stringent condition. This is because if
a circulating current is set up it will add to the transport current on
one side of the :oop and subtract from it on the other side. The danger
is that the total current in the side of the loop where the two add
will exceed the critical current for the ambient field. This situation
is als) described in Appendix III of techni'al report AFAPL-TR-72-38-Vol.
I and a criteriuo for the minimum Uistane between strands is derived.

There is yet another situation which must be considered. This
concerns the effect on strand should it go normal without other strands
in the braid going normal. The aanger here is that the current in the
normal strand will not transfer out of the strand quickly enough to
prevent the tem,1 rature of that strand from reaching damagingly high
tenmperatures. This sets a maximum allowable distance between strands.

It happens that this maximum distance, for the case of the 100 kJ
coil, is greater than the lcngth of conductor in the coil so there is no
need to introduce periodic shorts to prevent single strand damage.

During conductor fabrication where breaks occured and were detected
they were repaired but because of the danger associated with periodic
Fhorting described above (i.e., that of introducirij additional losses and
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that of exceeding the critical current because of superimposed
circulating currents) it was decided not to deliberately introduce them
into the 100 kJ coil. It happened that during the habrication of the
conductor only two breaks were detected and becausp of close scrutiny
during the fabrication and wind'ng operations it is unlikely that any
were undetected. However, if there were any, there would be so few
that the effect in the current carrying capacity would be negligible.

To summarize: so as to meet the current requirements for the coil
and also the conditions necessary to avoid thermal problers in operating
the coil, a conductor consisting of a number of 4.5 x 10- inch diameter
wires in the form of a flattened tubular braiu was selected for the
100 kJ coil. This type of conductor has a large surface area and a
small thickness and as such has good thermal characteristics. Analyses
indicated that detected broken strands should be repaired but that it
would be better not to deliberately introduce shorts periodically in
the braid as it was being wound because:

(0) this is not necessary for avoiding burnout in an indi-
vidual strand should it alone go normTal;

(2) the effect on current carrying capc'ty would be negligible
if a few broken strands remained undetected and unrepaired;

(3) there iz some danger if the shorts are too close tonether
because of additional heating within the windings and
because of circulating currents creating a condition
where the critical current is exceeded in parts of the
conductor.

e. Model Coils

To determine the effects of the various system operating parameters
and coil construction details on coil losses, three coils were designed
and built. The first two coils are nominally capable of storing one
kilojoule, while the third coil is capable of storing 7 kilojoules. This
section will describe details of their construction. Details of results
obtained during their testing will be presented in Section Il, Coil
Evaluation Prngram.

The two 1-kilojoule coils differ primarily in the details of the
construction of the superconductor. Both of the conductors were made up
of a flattened tubular braid of 48 strands of a niobium-titanium copper
composite with each individual strand insulated from the other and
having a diameter of 4.5 x l0-3 inches. One of the conductors is made
up of strands containing 121 individual filaments of NbTi while the
other is made up of strands having a single core of NbTi. The multi-
filament stranis have a copper to superconductor ratio of 3:1, while
the single filament strands have a copper to superconductor ratio of
1.4:1. The multifilament strands were insulated with Formvar and the
single filament strands with Polybondex. Both insulations were 0.25 x
10-3 inches thick and both braids are approximately 0.100 inches wide
by 0.020 inches thick.
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The coil mandrel and end flanges are of linen phenolic. The
windings are separated by strips of paper phenolic 0.031 inch thick by
0.12 inch wide placed on 0.50 inch centers. This provides 0.37 inch by
0.031 inch cooling passages. The interlayer insulation is mylar double
wrapped. The insulation extends C.50 inches beyond the ends of the
windings to prevent voltage breakdown between layers. The space between
the ends of the windings and the flanges is filled with mylar tape to
give support to the windings. The flanges have large sections cut
away to ensure good helium ventilation. The windings are impregnated
with epoxy to prevent premature quench caused by wire movement.

Figure 45 is a schematic showing the dimensions of the 1 kJ energy
stcrage coil, Figure 46 is a photograph of the coil and Figure 47 shows
a detail of the winding construction. Table XIV summarizes the speci-
fications of the 1 kJ coil which used the single core material. The
specifications of the 1 kJ coil which uses the multifilament wire are
almost exactly the same except for the basic strands of superconductor.
The multifilament wire has 121 filaments and a copper to superconductor
ratio of 3:1. Figure 48 shows the critical field/critical current
characteristic for the material used in the I kJ coil which has single
core material and also the central and peak field load lines for the
coil. Details of performance are giver in Se;tion 111, Coil Evaluation
Program.

The 7 kilojoule ccil was wound with a 48-strand, single core braid
identical to that used in the one kilojoule coil. However, to obtain
the desired operating current, the coil was wound with three of the
48-strand braids in parallel. The method of constructioo was identical
to that used in the 1 kJ coils.

Figure 49 is a schematic showing the dimensions of the 7 kU coil.
Figure 50 is a photograph illustrating the winding technique. After
a layer of conductor was wound epoxy resin was brushed on to the exposed
surface. Care was taken to ensure that there was sufficient epoxy
resin to saturate the windings but that none dropped through the braid
to block a cooling channel. While the epoxy resin was still wet, layers
of mylar clectrical insulation were wrapped around the windings,
Figure 51 is a photograph of the completely wound coil. The three
parallel braids can be clearly seen entering the coil at 1200 intervals.
Table XV suirinarizes the specifications of the 7 kJ er.ergy storage coil.
The operating current, central field and peak field in this table
correspond to a stored energy of 7 kJ. These values are 0.65 times the
values occurring when the coil is at the critical state. When the coil
is in this situation, the current is 932 A, the central field is 3.12

Wb/m 2 , the peak field is 3.96 Wb/m 2 and the stored energy is 16.5 k.
Details of the performance of this coil are given in Section III, Coil
Evaluation Program.

f. 100 kJ Coil Electrical and Magnetic Design Aspects

As described in Section I1-5-b, Optimization of Coil for Minimum
System Weight, a computer optimization procedure was carried out to
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Figure 45 Schematic Illustrating Dimensions of the 1 kl
Energy Storage Coils.
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Figure 46 Model pulsed energy storage coil. At a current
of 330 A the coil produces a central flux density
of 1.30 Wb/m 2 il. a 0.064 m bore. The peak flux
density aL the winding is 1.85 Wb/m 2 . The con-
ductor is a 48 strand braid. Each strand has a
diameter of 4.5 x 10- 3 inch ind has 121 filaments
of niobium titanium in a hig'i conductivity copper
matrix. Tht ratio of coppLi to ,;uperconductor is
3:1. The coil has been operated at 5 pulses per
second.
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Figure 47 Model pilsed enerxy storage ct i. 1 et iiI of

windi-,g construclifln. Each wixding face is

exposed directi\ to liquid helium. The venti-
lation is provided by interposing 0.031 inch x
0.125 inch slats on 0.50 inch centers between
layers.
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Table XIV

SPECIFICATIONS OF I kJ ENERGY STORAGE COIL

Inner winding rad'ius 4.04 x l10- m (1.59 inch)
Outer winding radius 6.55 x l-0' w (2.53 inch)
Winding length 4.82 x 10'- m (1.90 inch)
Operating current 425 A
Stored energy at operating current 1.0 kJ
Central flux density at operating current 1.78 Wb/m;
Peak flux density at operating current 2.33 Wb/n,"
Inductance 11.1 rIH
Number of layers 19
Nunber of turns per ldyer 20
Total number of turns in coil 330

Coiductor

Winding configuration single braid
Approximate braid dimensions 2.4 x lO-3 m by 5.1 x lO- m

(0.094 inch x 0.020 inch)
Braid configuration 48 strands per braid
Total rumber of strands 48
Strand diameter 1.14 x i0- in (4.5 x i - ii,.,)
Strand insulation material Fornivar
Strand material Nb/Ti in Cu matrix
Copper to superconductor ratio 1.4
Number of filaments of Nb/Ti per strand 1

Vo3ge Insulation

Material Mylar film
Configuration 4 layers between each layer

o nH•di n s
Film thickness 1.3 x l0- m (0.5 x 10- inch)

Sujko rt Structure None

Cooling Confi.r tation

Cooling channels formed by axial slats 0.13 inch wide by 0.031 inch thick on
0.5 inch centers-
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F-iqure 50. 7 k1ilojoule odel coil duri',j windil,. Ujpyor
illustratior show,, trifilan wind rnj techniouc. Lower illus-
tration shows application of epoxy resin to Liver of conductor.

FA 1534 197



4_1/

Figure 51 P I kIi u~dl ltI ' A'tu 1 i C i

Wujti.li'I tI it i .t IiI W It 1 t Iri I'I I - t ;i, tun', i t in ~ U 48

tiiib . I i,-!' St r-n ah :; I 'tw I - ciii c( i tit ur, Li ii t l! t ji

tL,-)(¾ w W ti Cl.i CSjilti ' Iup kIluhi'tl [[ I 1i i1! 141

[A2765 10W3



Table XV

SPECIFICATIONS OF 7 kJ ENERGY STORAGE COIL

Inner winding radius 6.35 x 10-2 m (2.54 inch)
Outer winding radius 12.2 x 10-2 m (4.C1 inch)
Winding length 9.19 x 10-2 m (3.62 inch)
Operating current 616 A
Stored energy at operating current 7.0 kJ
Central flux density at operating current 2.46 Wb/m'
Peak flux density at operating current 1 93 Wb/m-
Inductance 36.9 mH
Number of layers 39
Number of turns per layer 13
Total number of turns in coil 507

Conductor

Winding configuration 3 braids wound 3 in hand
Approximate braid dimensior.s 2.4 x 10-l m x 5.1 x 10-"o m

(0.094 inch x 0.020 inch)
Braid configuration 48 strands per braid
Total number of strands 144
"Strand diameter 1.14 x i0* m (4.5 x 1l- 3 inch)
Strand insulation material Formvar
Strand material Nb/Ti in Cu matrix
Copper to superconductor ratio 1.4
Number of filaments of Nb/Ti per strand I

Voltage Insulation

Material Mylar film
Configuration 4 layers between each layer

of windings
Filir thickness 1.3 x l0-• r (0.5 x 10'- inch)

Support Structure None

Coolinj Configuration

Cooling channels formed by axial slats 0.13 inch wide by 0.031 inch thick on
0.5 inch centers.

109



tI

determine the minimum weight system with the specified miss on
requirements. The optimization procedure minimizes the sum ef the
weights of coil, dewar and cryogen. The shape and size of th._ coil
determine the energy loss, The energy loss determines the weight of
cryogen used and both the coil and the cryogen requirement determine the
size and therefore the weight of the dewar. Coils optimized ',or minimum
weight have high fields and therefore high losses. If the required
number of pulses is high, the additional weight of cryogen and therefore
dewar far exceeds the advantage of a liqht coil. The system therefore
optimizes around large diameter low field coils where the energy losses
are lower.

If losses could be reducted by advancing the state of the art in
small wire superconducting braids, the coil could be optimized nearer
the minimum weight coil design thereby reducing the weight of all system
components.

The current switching requirements fix the current level at about
2,000 A and the peak flux density in the coil at the operating point
dictates that the total number of strands within the braid should be
about 300 if the coil is to be reliably operated at fractions of the
critical current similar to those at which the 1 kJ model coil operated.
This number of strands is equivalent to about 6 of the braids used in
the model coils. Figure 43 shows the braid used in the models. It is
a flattened tubular braid consisting of 48 strands. The 1 kJ model coil
was wound with one such braid and the 7 kJ model coil was wound trifilar
with three such braids. Figure 44 is a braid consisting of 144 strands.
The braid has the same pattern as the 48 strand braid illustrated in
Figure 43 inasmuch as it has 48 elements; however, each element consists
of three strands instead of one. The 100 kJ coil was wound bifilar
two such braids. Thus, each turn in the coil has 288 strands, fulfilling
the requirement of about 300 strands mentioned above. The critical
current-critical field characteristic of the conductor together with
the design point of the coil is shown in Figure 52.

The choice of two braids each of 3 x 48 strands is ý compromise
between ease of construction and thermal considerations. idedily, to
facilitate winding, one would like to handle just one conductor. However,
a single conductor consisting of 6 x 48 strands would be too thick to
ensure that it would cool down between successive pulses of the energy
storage coil. ThL proposed conductor is already approximately 1.4 times
thicker than that used in the model coil tests. The overall dimensions
of each braid are 0.028 inch x 0.21 inch.

The coil was wound with 297 turns of the 288 strand double braid in
9 layers. The inductance is 51.5 mH and the operating current is 1.97 kA
for' 100 U energy stored in the cuil. At this operating current the
central ýind peak flUx densities are 1.06 Wb/nir and 1.56 Wb/mW respectively.
A sunmnary of the 100 k coil specifications appears in Table XVI.
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Table XVI

SPECIFICAFIlNS OF 100 kJ ENERGY STORAGE COIL

Inner winding radius 0.292 m (11.5 inch)
Outer winding radius 0-320 m (12.6 incn)
Winding length 0.338 m (13.3 inch)
Operating current 1.97 kA
Stored energy at operating current 100 kJ
Central flux density at operating current 1.06 Wb/m 2

Peak flux density at operating current 1.56 Wb/m 2

Inductance 51.5 mH
Number of layers 9
Number of turns per layer 33
Total number of turns in coil 297

Conductor

Winding configuration two braids wound 2 in hand
Approximate braid dimensions 5 x 10-' m x 8 x 10- m

(0.2 inch x 0.03 inch)
Braid configuration 3 x 48 strands per braid
Total number strands 288
Strand diameter 1.1- x 10-4 m (4.5 x 10-3 inch)
Strand insulation material Sodereze
Strand material Nb/Ti in Cu matrix
Copper to superconductor ratio 1.4
Number of filaments of Nb/Ti per strand 1

Voltae Insulation

Material Kapton H film
Configuration 8 layers between each layer

of windinqs
Film thickness 7.6 x I0- m (3 x 10- inch)

Support Structure

Material Epoxy impregnated glass rovings
Thickness 7.9 x 10-' ni (31 x 10-3 inch)

per layer of windings

Coil Weight

Conductor 12.9 kg (28.4 lb.)
Insulation and structure 23.6 kg (52.1 lb.)
Coil form 32.9 kg (72.5 1bj_.-)
TOTAL 69.4 kg (1530 lb.)

Coolin Configuration

Ccoling channels formed by axial slats 0.13 inch wide by 0.031 inch thick on
0.5 inch centers.
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g. 100 kJ Coil High Voltage Design Aspects

As far as high voltage aspects are concerned, the coil was designed
in such a way that 60 kV could safely be applied across the terminals.
The implications of this high voltage as far as the current leads are
concerned are discussed in Section II-4-c, High Voltage Aspects of the
Current Lead Design. As far as the coil itself is concerned, attention
must be paid to the possibility of breakdown between layers and breakdown
between turns.

There are 297 turns in the coil and at 60 kV the interturn voltage
would be 202 V. However, each turn consists of two braids wound in
parallel and the starting points of these braids are 1800 apart. Thus
the voltage between braids is 101 V. Figure 53 shows this inter-braid
voltage as a function of coil terminal voltage. The insulation on the
individual wires is sodereze (polyurethane) and each wire has an
insulation thickness of 0.25 x 10- inch on the radius. Thus between one
wire and the next there is a total thickness of 0.5 x l-0 inch of
insulation. The breakdown strength of this material is about 2500 V/mil;
thus breakdown between adjacent braids would be expected ",en the voltage
between them reached about 1,250 V. The breakdown strength then is an
order of magnitude greater than the anticipated maximum voltage between
braids. This is more than adequate.

Electrical insulation from layer to layer within the coil was
provided by sheets of kapton H film. Electric stress calculations were
conducted for the following model: three sheets of 3 x 10-3 inch thick
kapton wound around each layer of windings, epoxy/glass composite
support structure laid up on top of this, and a further three sheets of
3 x 10-, inch thick kapton wound around the support structure. The
thicknesses of the various components are given in Figure 54.

The electric field strength in the kaptcn was calculated using the
relationships:

Ekdk. + EOds + EGdG = V

CKEK esEs = LG[G

Where:

K signifies kapton
S signifies epoxy/glass support structure
G signifies G1O spacers
d signifies thickness of material
E signifies electric field strength in material
ý signifies dielectric constant of material
V signifies total voltage across all materials

It was assumed that a pinhole would make one layer (3 x 10-1 inch)
of kapton useless for insulation and furthermore that there wou~d be
hemispherical bumps in the kapton giving local field amplification by
a factor of three.
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The field strength in the kapton is then given by:
V

EK= 3 x EKdS KdG

dK + ES +•K-G

The values of d and E used were:

d(lO- inch) eF/r)

K 15 3.5

S 30 5.6

G 31 4.5

The field strength in the kapton is shown in Figure 54 as a function of
coil voltage together with the dielectric strength of kapton at various
temperatures.

It can be seen that at 60 kV across the coil the maximum electric
stress in the kapton is 750 kV/inch and that the kapton manufacturers'
data for the dielectric strength of kapton at 78 K is 10,800 kV/irch.

This is already a large safety margin but, because no guarantees
were made by the manufacturers of this material, an additional layer
of 3 x 10-' inch thick kapton H film was placed on each side of the
epoxy glass support structure. Thus the coil was actually constructed
using a total of eight 3 x 10-3 inch thick layers of kapton H film
between layers of windings. Figure 55 shows the dielectric strength of
kapton H film as a function of temperature.

No problem exists as far as the helium in the cooling (hannels is
concerned since as can be seen frG.,i Figure 56 at spacings o,: the order
of less than 25 x 10-3 inch the breakdown characteristics of liquid
helium are comparable with those of transformer oil.

To prevent voltage breakdown around the ends of layers the inter-
layer insulation was extended Thout 2.5 inches beyond the ends of the
windings to give a long tracking path.

h. 100 kJ Coil Mechanical Design Aspects

In a solenoidal magnet the forces acting on the conductor' due to
the interaction of the field and current are such that there are
radial forces which tend to expand the windings radially and axial
forces which tend to compress the windings towards the median plane of
the coil.

in this design the layers of windings are stuck with epoxy resin to
the electrical insulation and support structure which surrounds them.
The axial forces are then transmitted in shear to the surrounding
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support structure. Because of the large surface area this shear stress
is small and presents no problems.

However, containment of the radial forces requires careful
structural design. The radial forces are taken in hoop tension in
the windings and support structure. They are greatest in the median
plane of the magnet at the peak field position where the axial field
is greatest.

In the median plane the hoop forces are largest in the innermcst
layer and decrease from one layer to the next in the radiol direction.
However, there is a redistribution of forces such that the innermost
layers are somewhat relieved and the outermost layers are somewhat more
loaded. The extent to which this happens is a function of the modulus
of the material and the ratio of the build of the windings to the radius
of the windings. The lower this ratio is then the greater is this
redistribution effect. For this coil the ratio is very low and therefore
the redistributicn is large. Thus it would be too severe to take the
worse case as being an isolated hoop at the peak field position. It
is more realistic to take ;n average based on the total force due to
all layers in the median plane and the total area of cross section of
the miaterial in the median plane. This results in a slight under-
estimate of the actual stresses but as will be seen later the safety
margin is so great that this small underestimate becomes insignificant.

F igure 57 shows the hoop stress at the coil median plane as a
function of current for various models. Model 1 assumes that there is
no support structure and that the braid behaves as if it were a rigid
conductor. It is assumed that the forces distribute themselves between
the copper and the niobium-titanium according to their respective elastic
moduli. It can be seen that at the operating current of 2,000 A the
copper is stressed to about 25 kpsi and the niobium titanium to about
18 kpsi. This is safe for the niobium titaniun but exceeds by a factor
of about 3 the yield strength for copper. Clearly the conductor cannot
be se.f supporting: support structure must be added.

Model 2 assumes that there are three layers of epoxy/glass composite
areund each layer of windings. Again, it is assumed that the forces
are distributed between the copper, the niobium-titanium and the epoxy/
glass composite according to their respective elastic moduli; the braid
is assumed to behave as if it were a rigid conductor. The stresses of
niobium-titanium at 8 kpsi and the glass at 7 kpsi arc. both acceptable
but again the stress in the copper at 11 kpsi is higher than yield.

This model however is not realistic since the braid does not behave
as u rigid conductor. Because the components in the braid can r:ove
somewhat laterally the effective modulus is very low and it is more
realistic to assume that this effective modulus is very much lower than
the epoxy/glass composite. This is equivalent to sayinq that the epoxy/
gla.s composite takes all the load. If this is so, then the situation in
model 3 occurs. Model 3 gives a stress in the glass 0i about 12 kpsi
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at a coil current of 2,000 A(the operating current) and a stress of
about 30 kpsi at 3,100 A (the coil critical current). These values are
more thacr adequate. Figare 58 shows the strength of fibers of E glass
as a i unctior, of tefnperature. At roonr: temperature (the lowest temp-
erature for which data is available) the strength is about 500 kpsi
and the trend is towards higher strt gths at lower temperatures.
Wihen this material is used in a coml )site however, the room temperature
strength must be derated to about 3( 1 kpsi. This is the value which
was used as the nominal strength of tHe E glass in the coil structure.
lhus with a maximum posstibe stress in the glass of 30 kpsi (at the
coil critical current) the safety maryin is a factor of 10 whitn is
quite safL.

The method of fabr-ication of the coil was as follows. A linen
phenolic mandrel with open flanges was used to the wind the coil on.
This is shoawn in Figure 59. Slats cf GIO were epoxied onto the coil
form between the flanges on 0.5 inch centers. These slats were 0.13
inch wide by 0.031 inch thick. The spaces between these slats form the
cooling channels which are 0.031 inch thick by 0.39 inches wide. The
conductor was then wound on top of these slats. Two braids wound in
parallel were used, the starting points of each being 1800 apart. Each
layer of the wiindings was about 13.3 inch wide. The distance between
the flanges was about 18.9 inch so there was a space of about 2.8 inch
between the ends of the windings and the flanges. This space at the
ends of the layers is necessary to prevent voltage breakdown around the
ends of layers. The windings were tner coated with epoxy resin and 4
layers of 3 x 10-3 inch thick kapton H film were wrapned around them.
The support structure was then applied. The glass u;ed in the support
structure is an E glass type 30 continuous filament roving and yields
675 ydrds/pound. The approximate size of this roving is 0.1 inches
wide by 0.01 inches thick. Three layers of this glass roving were
wound around each layer of windings, Epoxy resin was applied contin-
uously during the winding process to ensure that. the roving was
saturated. An additional 4 layers of 3 x l10- inch thick kapton H
film was then wound around the epoxy/qlass structure. Figure 60 is a
schematic of a cross section of the windings. It can be seen that the
G10 spacers are aligned from one layer to the next so that the forces
acting on the inner layers .an be partially transferred to the outer
layers. Figure 61 is a schematic of a section through the coil drawn
to scale and showing pertinent dimensions. Figure 62 shows two photo-
graphs of the assembled coil, its support structure and the foam neck
plug. Figure 63 is a schematic showing the assembly of the coil,
current leads, support structure, neck plug and duwar.

i. Sumn•ary and Conclusions

A theoretical investigttion of losses in superconductors exper-
iencing transient conditions led to the S:lectiun of a 4.5 x 10"' inch
diameter single core niobium-titanium in coppetr wire having a copper to
superconductor ratio of 1.4:1 as the basic component for the 100 kj
coil conductor. This is the smallest diameter wire that present
technology allows for large scale production. Analyses cuncerninq
optimizations for minimum wright systems indicated that theQ coil .11ould
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have a large diameter and operate at low fields. Circuit switching

requirements fixed the operating current of the coil at about 2,000 A.
Analyses concerning the,-nal effects in the windings led to the
selection of two flattened tubular braids consisting of 144 strands of
4.5 x 10' inch diameter wire as the ccnd'•ctor fcr the 100 kJ coil.
The thermal analyses indicated that cooling channels 0.031 inch thick
would be more than adequate tu prevent channels chukina with helium
gas, It was predicted that the coil would remain superconducting
during charge but that on discharge parts of the windings in the
higher field regions of the coil might go normal. It was also
predicted thot derending on the fraction of the critical current to
which coil would be charged, a minimum interpulse time would be neces-
sary to prevent a gradual rise in temperature ot the windings leading
to a quench, if the coil were subjected to a long train of pulses at
a rapid repetition rate. Structural analyses indicated that the
windings would not be self supporting so additional structure consisting
of epoxy impregnated glass rovings were would around each layer of
windings. Electrical insulation consisting of kapton H film was inter-
posed between each layer of windings to prevent voltage breakdown
between layers. To test the validity of the results of the theoretical
analyses model coils having nominal stored energies of I W and 7 kJ
were constructed. As will be seen in Section 111, Coil Evaluation
Program, the results of these analyses were confirmed.
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SECTION III

COIL EVALUATION PROGRAM

I. INTRODUCTION

As was described in Section 11-5, 100 kJ Coil Design: (1) the basic
conductor (4.5 x !0- inch diameter wire) was selected because of the results
of theoretical analyses concerning losses in superconductors subjected to
transient field conditions; and (2) the practical conductor (flattened
tubular braid consisting of 144 strands of 4.5 x 10 ,nch diameter wire) d rid

the configuration of the cooling channels were selected because of the
results of analyses concerning the effects of heating in the windings. Before
embarking oy, the design and construction of the 100 kJ coil it was felt that
4t would be desirdbie to test the validity of these results by conducting an
experimental program. It was for this purpose that model coils capable of

storing 1 kJ and 7 kJ were built. Tne detdils of their construction are
given in Section II-5-e, Model Coils. These coils were tesLed ai repetition
rates of up to 5 pulses per second. Loss measurements were made by various
methods and the limits of their performance were investigated by operating
them at various fractions of their critica' currents.

Based on the results of these tests the 100 kJ coil was designed, built
and tected. Section 111-2, Limits of Performance, will describe the resilts
of the experiments conducted to determirte the perfnrmarrce limits of the 1 kJ,
7 kJ and 100 kJ coils and Sections 111-3, 5, 6 and 7 will describe both the
theory of the superconductor losses and the results of the loss measurements.

2. LIMITS OF PERFORMANCE

a. I kJ Coil Evaluation lests

Two 1 kJ coils were built, one with braid made from single core
material and ore with braid made from multicore material. They were
both tested under dc and pulsed conditions up to five pulses per second.
However, because there appeared to be no appreciable differences in
Lhe resuIlts obtairimu from either coil and because the analytical work

predicted the single core material to be superior, most of our efforts
were spent on making mneasur-._.-nts on the coil wound with rhe single-
core material. The analysc. tor the 1 kJ coils (described in detail in
Section 11-5-c, Effect of T,-aosient Heating on Coil Performance)
indicated that for charge times ef 0.167 second, the highest energy
dissipation region of the ccoil reaches thermal equilibrium and the
temperature rise in the windings woulu be small and should not appre-
ciably degrade the performance of the -znductor. However, during the
discharge time (0.25 x 10-1 seconds) the thermal behavior is nearly
adiabatic and the windings could rise in temperature to about 18 K
thereby causing the superconductor to revert to its normal resistance.
After the pulse is over, the windings could cool to the bath temp-

erature in about 8 x 10- seconds. However, the time allowed for
cooling is about 33 x 10- seconds. The additional safety factor was
taken because of the considerable uncertainty in these figures due to
the ldck of information concerning the thermal properýties of the mylar
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insulation and the epoxy bonding agent. Calculations conctrning the
vaporization of helium within the cooling channels indicated that va,'or
lock should not occur.

A series of dc tests were conducted first to determine magnet
stability and critical current characteristics. The technique involved
the use of a heater embedded in the windings of the coil at the peak field
position. The procedure is described fully in technical report AFAPL-
TR-72-38, Vol. I, Section 111-2 but will be summarized here for
convenience. The coil is charged to a known current and the heater
power is gradually increased until the magnet begins to go normal. The
onset of normality is detected by monitoring the voltage across the
normal region by means of voltage taps on the coil terminals. The power
at which the coil begins to go normal is recorded. The magnet is then
charged to a higher current and the procedure is repeated. As the coil
current is increased the amount of power needed to send the coil normal
decreases until eventually when the coil current reaches the critical
current of the coil at 4.2 K no power is required. If a plot of heater
power required to send the coil normal against coil current is made at
low currents then an extrapolation of the curve to zero heater power
gives the critical current of the coil at 4.2 K. The advantage of this
method is that the critical characteristics of the coil can be investi-
gated without charging the coil to its full energy. This avoids danger
of damage to the coil during a quench at high energy. The results of
this testing on the coil containing multifilament conductor were such
that the extrapolation to the critical current was in good agreement
with the critical current subsequently measured by charqing the coil
to its maximum current carrying capability. The critical current was
found to be 335 A. The calculated central and peak fields at this
current are 1.3 Wb/nri and 1.8 Wb/m 7 , respectively. This value of the
critical current is about 20" higher than that estimated by short
sample tests on single strands of the braid. The discrepancy is due to
inaccuracies in such short samples measurements at low fields. The
stored energy at this current was 0.57 kJ and the current density in
the conductor 6.7 x 108 A/mr. When tested under similar conditions,
the coil wound with the single core strands was found to have a
critical current of 430 amperes. This same current was achieved whenthis coil ias fully charged in 0.14 second.

Although both the coil wound with the multicore strands and the
coil wound with the single core strands were continuously pulsed at
rates up to five pulses per second, complete data was taken only on the
coil wound with the single core strands. As a consequence, the
remainder of this discussion will concern only this latter coil.

Initially, the pulse repetition rate was restricted to one pulse
per second. Under this condition tne coil could be charged and
discharged without exhibiting any sign of degradation for an indefinite
time to as near the critical current as the discrete battery voltage
increments allowed. The highest current achieved was 425 A (critical
current 430 A). This held true for all discharge time constants in the
range covered (0.2 ms to 4-0 ms). Pulse train lengths of the order of
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six minutes were achieved and energy loss measurements were made.
These pulse trains were terminated only for the convenience of taking
data and not due to any operating limitations of the coil.

Figure 64 is a typical current waveform during chdrge at. a repe-
tition rate of one pulse per second and Figure 65 shows a train of such
pulses. A constant voltage from a set of truck batteries is applied to
the coil and the current rises approximately linearly. The slight
deviation from linearity is due to the resistance of the leads. As the
current rises a larger fractin of the battery voltage is dropped in the
leads thereby reducing the voltage applied at the coil terminals. At
the end of the charge period the vacuum breaker opens and there is a
short period of arcing. The arc is extinguished when the counterpulse
current is driven through the switch. The coil then discharges into a
resistive load. The period of arcing can be seen as fuzz at the top
of the current trace. The discharge is too rapid to be recorded on the
oscilloscope trace because of the time scale necessary to record the
charge. Figure 66 shows the voltage across the resistive load during
discharge for an exponential discharge time constant of about 0.2 is.
The oscillations which can be seen near the front end of this trace
are due to ringing in the arc quench circuit. These oscillations stop
when the spark gap in the counterpulse circuit is extinguished.

The coil was then operated at a repetition rate of five pulses per
second. Figure 67 shows the current during charge for part of a train
of pulses when the 1 kJ coil was operated at a repetition rate of five

-- ~ ~~~~ -J rL.. -1..... - L - - - -pu-l s pter surid. The discontinuous L,,ang iI, s-uU• reer ithC e•nd 0

the charge is due to the vacuum breaker arcing prior to firing the arc
quench circuit. This voltage drop in the arc results in a reduced
voltage at the coil terminals thereby reducing the voltage available for
charging the coil. Figure 68 is part of a similar pulse train on a
longer time base. Figure 69 shows the voltage across the resistive
load when the coil was operated at a repetition rate of five pulses per
second. Again the oscillations superimposed on the waveform near the
beginning of the trace are due to ringing in the arc quench circuit.
The coil was operated over a range of currents and discharge times and
loss measurements were made. These are described in detail in Section
111-5; Loss Measurements Made Using the 1 kJ Coil. Howpver. when
charging and discharging at a repetition rate of five pulses per second,
the length of time for which the coil could be operated was found to
be sensitive to maximum current, discharge time constant and length of
time between pulses. The effects of varying these three parameters was
investigated. The length of the interpulse period was varied by keeping

the same pulse repetition rate and decreasing the charge time.
Generally, lower maximum currents, longer discharqe time constants and
longer interpulse periods favor longer pulse trains.

At the longer discharge time constants (4 ms), pulse train lenqths
of greater than one minute were achieved without quendhinq for inter-
pulse times of 25 ms and maximum currents of 380 A (0.89 of maximum
possible). At the shorter discharge times (0.2 ins) pulse train lengths
in excess of one minute were achieved without quenching for interpulse
times of 55 ms and maximum currents of 352 A (0.82 maxim:,: pco ,cý.blie).

131



Fiigre 64

Currenta during; charg;e of pulsed model e~nergy
storagev coil conistrue ted with braided sirigi?
COreý superconductor . The pulse repetQitionI

rilte is 1/s;.1

Tivme baseL 0.050 -;/div
Sen1sitiVity 120 A/diiv

Max iImim CurricutL 395 A

FA 1691 1 32



F iguIre 6

Current durinug chargýe of pulsefd mo(da~l uct giýy
coil constructed with braided si~n?;lL zcorc2

superconduc tar . The 1)ulst rcpt~tit io rate
is 1/s.

Tine bas-' Q .-5Q .I* v.
SenIsitivi ty 120 A/div

Maximum current 39) A
Chargýe t inye G-Ib 6

F.16 92 133



I :urc L6

VCi'lta iL' f I -1701 k'F Ia c ~t:)'11 I,% stI eL. co ilI cons trI'
tvd witth br~iidLd snl-stru -,u;Ž-I , IIjonductui

Whlcn diSk rIoirgtaQ tt :cmttlud It

pulst, rtpett it orl. r-LL di i /

Tim.,ý 1... J1jJ 1 Ic u 1W

Maxlsi tum vui td; I0

Disc*hartlJ' tiinivu stull 0.19 1m s

FA 16931



U7I

storaigucoil corbtructud witLh braidvd single

curren sprodurI c~iorg ft- coi l ist' bvid di s-ncg

charged into a rt-sisitivu ]oad. Ifi 1c. rv-
pet2 it io rat 11jj S 5/s " h !j5 I kt t il: I

constant is about 0.1c., x 0 s. Ih li-ncr gy
F~tor v6 in tLhe Coil It j L J cuI tilt i :; 0-87 Ui.

Time baSL- 0.0-u -;/di%,

MaXiIV m -Um rr ejIlt 3 95
Charte r. L~it 0.1)1)

The ',tady statte Cr it j~i - uI CU Ilt V. 430 A

FA 1691



I1 OirLJ 68

Curn ui;clr;c''',
storaget coil Loas-trutc-d Withj braided snl
c:Ort 5UI)VItCOl1Ci- tt-tý. ' )ijt 3'ls 1 h t 4' It. i Lio

r atev i s 5/ s. The. i i gur L s how s ~i r L ol a

p)ulse train ox duration about 15 seconds.
The- cc) 1 is be-i ng di jst liar gtu inuto a revs istVe

l oad w-itLh a d ischarge' tiL jLCuistIrIt of Jib()LJt

C. Vh X 1V- s. IlitiII enrgy stort-d i n the -o ilI
atL 1icak t-urr-Lrlt isb 0.82 Ui

Iimeha; sdi
senisitivity I U A/d iv

Maximum cut r errt 3b 5 A

Charge- t ime 0.150 s

The steady state C citial'1 cayrrent is 430 A.

136

EtA 1096



tud w I h broi j~tJ si III, I, ? cvi supci miciumit, r WlIurIl
d i SChagid jUL. ojIt I -;I' I ~V ubA itL a IM I Sv Y u-

Timv basu 0. lu x 10- /d iv

DiSchdrgt t inl uI~l.-,t,IIIL u. 1)- sd v

FA 1695 1 37



The coil behavior Wds such that at higher currents the coil would I
operate for a short period of time before quenching. For example, at
a discharge time constant of 0.2 ms and an interpulse time of 55 ms as I
above, with a maximum current of 385 A (0.87 of maximum) the coil ran
t0 seconds without any sign of degradation before quenching.

At a given discharge time and interpulse period, the coil could be
pulseo indefinitely only below a certain value of the maximum current.
If that value of current were exceeded, the coil would remain super-
conducting only for a certain number of pulses. It would then go normal.
This is illustrated in Figure 70. In this case, the model coil
operated prope:-ly for about 16 seconds while being pulsed at a repetition
rate of five per second and then quenched. It was found that this
behavior could be avoided by either reducing the maximum charging current
or increasing the interpulse period.

This behavior could be interpreted as being due to vapor lock in the
cooling channels. However, this was found not to be the case. Section
II-5--c, Effect of Transient Heating on Coil Performance, described a
correlation between the peak nucleate boiling heat flux and the ratio
of channel length to diameter ratio; the higher the length to diameter
ratio, then the lower the peak nucleate boiling heat flux.

In the 1 kJ model coil, the ratio '/d is 33.7 for which the corre-
lation gives a peak nucleate boiling heat flux of 0.23 W/cm". During
the five pulses per second tests, the maximum recorded loss per pulse
was 2.8 J. The average heat flux per unit cooled area for the coil
u ujr th , Codi tio ) s S .ir,) I,1I.P . Thorctical calculations indicate
that the peak flux (in the higher field regions of the coil) is about
two or three time:s the average for the coil as a whole. Taking the

factor of three, the maximum value of the '.eat flux in the magnet is
0.019 W/cm:. This is a factor of 12 less than the critical value. We
conclude from this that the channels becoming choked with helium was
not the cause of the coil quenching under certain conditions while
being charged and discharged at five pulses per second.

In view of the thermal analyses conducted concerning the effect
of heat generation in the windings, the behavior of the coils is ir~ter-
preted in the following way. As the current in the coil is changed,
energy losses are incurred due to eddy currents in the copper and
magnetization effects in the superconductor. During charge these losses
are such that the heat can be dissipated to the surrounding helium bath
with only small temperature rise in the conductor. However, on discharge
when the energy losses are much greater and the time over which they
are generated much smaller, the temperature of the conductor rises
appreciauly. The higher the current and the shorter the discharge time,
the higher will be the final temperature of the conductor. The
conductor cools during the interpulse period. If the interpulse period
is long, then by the tiephe next pulse starts, the conductor wie l
have reached the bath t•mperature. nt owplver if the pcriod betweei pulles
is short, then the conductor temperature will not have dropped to the
bath temperature before the next pulse starts. Consequently, during the
next pulse its temperature it any time will be higher than that at. the
corresponding time on the previous pulse.
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The temperature Of the conductor therefore rises with each
succeedinq pulse until eventually tne temperature is higher than the
transition temperature for the awhient fiela -ind current and the coil
then goies normali. This is toie behavior that Was previously predicted
on theoretical grounds.

Table XV II su: ,av' (,s tne ranbje clf pul se repeti thin rates dad
discharge time constants over which tule I kJ coil was operated
Figures 71 and 72 are photOgrapjhs, showing the test apparatus used in
the model coil tests.

b. 7 kJ Coil [valuation Tests

Havina establisned experivientally that the principles or, which the
1 kJ coils were built were correct, a Coil having a higher stored energy
was built and tested. This was done to assure our-selves that scal inn
with size did not introduce any unforeseen detrimtental effects. It was
felt that scaling fromn 1 kJ stored energy to 100 kJ stored energy was
too big a step. The nom~inal 7 W) stored energy coil was built on the
same principles as the II kJ stored eneroy coils and is described in
Section 11-5-e, Model Coils. Although the nomlinal stored enlergy is 7 kJ
the coil was, operated all niqgher energies.

Under conditions of slo.-4 charg3e the coil could be charged to the
short sample H-I curve of the conductor. At the critical current the
stored energy was about 16 kJ. At a repetition rate of one pulse per
spcond loss vieasýurement,,. were made foi- stored energies of 7 kJ and
10 kJ. The cui'.l was rur, nt a re,Žetiticn r~ite of five pulses per secnnc
for 3 stored ..nerqy of 4.3 k,!; this was the hinhMest energy possible at
fivc- pulses per second b~ecause of the voltaue liviitation of the power
scoDply (truck hatteries). however to simulate conditions at higher
energies, ut five pulses per secord the coil was operated at a repetition
rate of four p)ul sos, per seý:onoi vii tri a stored energy of 7 0) but with
an- interpulsf. tire w:ýncri corres~londed to U- repetition rate of five
pulses per second. Thus tnLe fiine available for cooling between pulses
was the Sam'e. Lossý mea~urevients were imiade Winder these conditions. The
coil could be operated under allI these conditions for indefinitely lor.g
period's of time. A stiunary of the 7 LIJ coili performance is given inI

given i~i Section 111-6, Loss Mea~surements Made Using the 7 kJ Coil.

C. 100 kiJ Coll [valuation Test,,

Since the 7 3J coil tnenaved as expected durnn' te;t in,-, the 100 kJ
coill was buolt and teste.d. The constructior te'chnique is similar to
that usýed in) the model coils and 's described in de-.ail ill Sections
1 1-5-f, g arid h.

A number of tests vierce performed onl time 100 k,! coil ; these are
sunlmliari7ed in lable .1,. The test,, fall into the frollowing~ categorius:
(1) lests ccncernud witth tlie imeasurer-ents of losses, which ire described
in Section 1-7, Los Nc1o1irns ode Using the 1l'ý0 kJ Coil; (2)
tests concerned w th ti', I iqi vol taq'p' 0:iratior, k-J-ic l are lesci ibed



Table XVII

SUMMARY OF 1 kJ COIL PERFORMANCE (SINGLE CORE SUPERCONDUCTOR)

Repetition Rate Stored Energy Discharge Time

(S)(WJ) (mns)

1 %0.8 4, 2, 0.9, 0.3,

0.2

5 10.8 4, 2, 0.9, 0.3,

0.2
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Table XVIII

SUMMARY OF 7 kJ COIL PERFORMANCE

Repetition rate Stored energy Discharge time
___ p ) (kJ) _(ms _

1 7 4, 2, 1

10 4, 2, 1+

4* 7 4, 2, 1

5 4.3 4

*Interpulse time 33 ms which is that which would be used for a repetition
rate of 5 pulses per second.

+Voltage across coil 23 kV.
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Table XIX

SUMMARY OF TESTS PERFORMED WITH 100 kJ COIL

I. Measure inductance of coil, of sense coil, and mutual inductance between

them.

2. Ringing tests at 17 kV; measure losses. Maximum energy, 600 J.

3. Ringing tests at up to 4 kV and up to 11 kJ. Measure losses (use loss
loop measurements).

4. Slow charge to maximum of 950 A, discharge into 0.6 ohm. Exercise all
control circuitry, arc quench circuit, resistor bank.

5. Test helium switch at coil currents up to 950 A. Maximum voltage about
2,500 V.

6. Attempt to charge coil to full design current (2,000 A - 100 kJ).
Quench observed at about 1,200 A which caused about 36 kW to be
dissipated in the coil.

7. Try very slow charging rates (use voltages as low as 50 mV) to see if
quenching is rate dependent. Coil appeared to have a dc resistance of
about 10 milliohms at this time.

8. Test high voltage limits of the coil by ringing at up to 50 kV with
0.25 ujF capacitor. No breakdowns observed up through 50 kV.

9. Try higher voltages by driving the sense coil (ringing with 1 ,jF 4.2:1
turns ratio). Arcing observed at 63 kV (15 kV on the sense coil) both
outside dewar and inside dewar.
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in Section II-4-d, Experimental Program for lesting the Current Leads;
(3) tests concerned with the operation of a switch which produces short
width pulses at a high repetition rate, which are des(ribed in Section
lll-8-b, Design and Testing of Electric Circuit and of Switch for Pulsed
Operation; and (4) tests concerned with testing all control circuitry,
arc quench circuits and the resistor bank at 1igh currents, which are
described in detail in this section.

Loss measurements were made on the 1 kU coil by a technique which
involved measuring the quantity of helium boiled off du~ing a train of
pulses, Similar measurements were made on the 7 kJ coil but. in addition
measurements were made by using an electronic device which in principle
behaves in a similar way to a watt meter. This is described in detail
in Section III-4-c, Electronic Method. This device allows loss measure-
ments to be made on a single pulse. The boiloff method is applicable
only when a quantity of helium gas is evolved which is sufficiently
large tu be accurately measured. Since the 100 kJ coil was delib•&,tely
designed to have low losses, the only way that a suff!'.ient volume can
be generated is to collect the gas evolved over a long pulse train.
Since the electrical circuitry was not designed for this mod& of oper-
ation, loss measurements on the 100 k0 energy stor-age coil were confined
to the techniques involving the electronic measurement device. These
loss measurements are described in detail in Section 1IT-7-c, Electrcnic
Loss Measurements on the 100 kU Coil. In general the measurements are
consistent with the theory within the li,iitations of the model used to
derive the theoretical losses.

High voltage tests were conducted up to 50 kV (t',e limits of the
high voltage power supply) by charging Up a caoacitcr to the desired
voltage and discharging it into the coil thereby sezting up an oscill-
ation between the coil and the capacitor. At this voltage no breaKdown
was observed. To go to higher voltages the sense coil (part of Lheinstrumentation for the electronic loss measure,:ment device) was used as

a secondary. The capacitor was disch.arged into the ser;se coil and high
voltages were induced on the 100 kU energy storage coil. In this way.
voltages up to 63 kV were applied across the coil terminals. At this
voltage breakdown was observed. It appeared that this breakdown was
occurring between the current leads near the top of the dewar. iThe
resul t. of these .. epe, inerts w Ur l Curistt. w'! th th-Ur et icda] ana vses
and tests on nockups previously conducted. These experiments aredescribed in detail in Section 11-4-d, Experimental Program for Testing

the Current Leads.

A series of tests were conducted which produced a burst of short
duration pulses at a high repetition rate. A capacitor was pla ed
across the coil terminals and a switch placed across the capacitor. Tie
switch was preset to close at a desired voltage. The coil was charged
to the desired energy and then the current through the coil was broken
using the vacuum interrupter. The coil then started to discharge into
the capacitor. When the voltage on the capacitor rose to the preset
voltage, the switch closed and the energy stored in the capacitor
discharged through the load. When the current through the switch was
low enough, the switch opened thereby allowing the capacitor to be
charged again from the coil. This sequence was repeated ,intil the

145



energy in the coil was exhausted. The results of these tests confirmed
the validity of the theoretical analyses which led to the design of the
switch and circuit. These experiments are described in detail in
Section 111-8-b, Design and Testing of Electric Circuit and of Switch
for Pulsed Operation.

Finally the high current operation of the system was tested. This
experiment consisted of charging the coil with the battery to about
1,000 amps (25 kJ), then discharging it into a low resistance (0.6 ohnms).
The electric circuit, used for this test is given in Figure 73, a
photograph showing the top of the dewar and the resistor bank is given
in Figure 74, apd a typical output current pulse is shown in Figure
75. The purpose of this test was to demonstrate success'ul operation
of all control circuitry and of the coil at moderate (25 kJ) energy
levels.

The next test performed was an attempt to charge the coil to its
rated capacity (100 k0, 2,00G amps) using the circuit of Figure 73
A quench was observed at 1,200 amps which caused about 36 kW to be
dissipated in the coil. Subsequent attempts to determine the cause of
the quench consisted of charging at low voltages (as low as 50 mY) to
see if quenching was rate dependent. No rate dependence was observed.

It was concluded that the coil had suffered damage. Measurements
made at this time indicated that there was a resistive region somewhere
within the windings. At this time it exhibited a DC resistance of
about !0 n•1.

The coil was warmed up, removed from the dewar and examined.
Exterially no damage was apprzrent although debris consisting of what
appeared to he btrned insulation was observed on the top of the coil
form. Close examination indicated that this had been ejected from the
inside of the windings. Resistance measurements were made and compared
with measurements made prior to cooldown. The resistances measured
were higher than before and there was continuity between the two braids
which had been wound in parallel. This further suggested severe damage.
The damage appeared to be in the layers nearest the coil form.

No firther conclusions could be drawn without looking inside the
windirngs so the whole of ',he winding bundle was . .v.d fro" the
mar.drel by removing the flanges, slitting the mandrel drid sliding the
windings o'f.

When the inner layers of electrical insulation were removed thereby
exposifn the inner layer of windings the damaged area was ininediately
apparent. The daoage occurred at the end of the innermost layer where
"0ie conductor rose into the second layer. This is at the opposite end
of layer from where the lead; enter the coil. The area was severely
burned, the two braids were shorted together a'd one braid was completely
Durnei through.

This layer was clearly beyond repair so it was removed by unwinding
from the inside. The layers of electrical insulation and structure
adjacent tu the ,•rst layer of windings were removed and the second layer
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Figure 74 Photograph of top of dewar, power Iodds
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was exposed. This layer was even more severely damaged than the first
layer; some tens of square centimeters were burned and it appeared that
the damage had started in this layer and spread into the first layer.
The damage seemed to be confined to the first and second layers. The
other end of the second layer was not damaged. The second layer too was
removed but a sufficient length of conductor was left so that new
connections could be made to the current leads should it be decided that
the coil b• repaired.

The following explanation is given for the cause of this damage.
During the first set of experiments to measure losses a capacitor was
charged up and then discharged in the coil using a spark gap as the
closing switch. The combination of the capacitor and the inductor rings
as the charge is transferred backwards and forwards between these two
components. Because of dissipative elements in the circuit the ampli-
tude of the oscillatory current decreases. Eventually it becomes so
small that the spark gap tries to turn off. When it turns off there are
very high rates of change of current and because of the circuit
inductance high voltage spikes appear across the energy storage coil.
It is thought that these voltage spikes caused a breakdown between
adjacent turns in the coil in the region that was damaged to give a
shorted turn. Subsequent ringing of the coil caused current to be
transferred across this short. This caused local heating in this region
which increased the damage. Finally when higher currents were attempted,
because of the short, a current greater than the critical current was
induced in the shorted turn. This c&used a premature quench. Because
of the high rate of change of field during discharge very high currents
were induced in the shorted turn. This caused insulation to melt and
the wire to burn out locally.

3. THEORY OF LOSSES IN PULSED COILS

a. Formulae Used to Predict Losses in Supercondu:tors

The losses in an energy storage coil are of prime importance in
designing the system. It is these losses which determine th• amount of
cryo en reyuired and therefore the size of the cryogenic vessel required.
Bean?15, 16) formulated a simple phenomenological model (the critical
state model) which allows predictions to be mdde cuncerniny ihe ,ayrietic
behavior of a high field superconductor in terms of a single empirical
parameter, the critical current density, jc- This model is the starting
point for the formulae predicting coil losses which were derived during
this program.

According to this model it is assumed that the electric field
vector, E, is zero for .jrrent densities less than Jc, but rises
vertically at j. with th,ý E and jc vectors parallel. In other words,
any electric field no matter how small will cause this maximum current
density j to fiow locally in the direction of the electric field. Thus
a material cooled through the superconducting transition temperature
with no current flowing has E and J, zero everywhere but as soon as the
magnetic field is changed (thereby inducing electric fields) current
densities of ini'gnitude J. are induced in portions of the material.
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The interaction between the electric field E and the current density

Jc gives a local dissipation P per unit volume according to the
relation P = E x Jc"

Appendix 1! of technical report AFAPL-TR-72-38, Vol I derives an
expression for the instantaneous power dissipation per unit volume of
superconductor in terms of the locai conditions of a length of single
core superconducting wire carrying a transport current. These local
conditions include the ambient field (assumed constant over the
diameter of the wire), the rate of change of field, the critical current
density (at the local field), and the ratio of the transport current
density to the critical current dersity. The loss per unit volume is
proportional to the diameter of the superconductor. It is assumed that
the flux fully penetrates the superconductor and so the derivation is
not valid for fields so small that only partial penetration exists. An
expression for the power dissipation due to currents induced in the
normal matrix surrounding the superconductor is also derived. The
analysis goes on to derive expressions for power losses in both twisted
and untwisted multifilamentiry superconducting wire. It is shown that
the losses in an untwisted multifilamentary conductor are proportional
to the diameter of the bundle of filaments rather than to the diameter
of a single filament. It is shown that the effect of twisting is such
that the filaments can be made to behave independently provided that
the twist pitch can be made small relative to the skin depth of the
normal matrix. However, for this particular application at a coil
discharqe time of 1 ms the required twist pitch for a copper matrix at
liquid helium temperature is about 0.1 inch. This is too small for
presently available conductors, therefore the minimum loss •onfig-
uration is one of small individually insulatea conductors each
consisting of a single strand of superconductor surrounded by copper.
The insulation between individual conductors allows the magnetic flux
to penetrate each conductor and the losses are thereby miniminzed.

The expressions derived in technical report AFAPL-TR-72-38, Vol. I,
Appendix II, assume a wire of square cross section. For this case,
the instantaneous power dissipated per unit volume of conductor- due to
the superconductor is:

P/V = kc 1 + 111-3-1

Where:

k1 = 1

w z length of the side of the square of superconductor

Wc = length of the side of the square of normal matrix
dB
t- = rate of change of flux density

j_ =critical current density for ambient field conditions
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t = transport current density

wW - C_

w

The expression for the instantaneous eddy current power loss in the
normal matrix per unit volume of conductor is:

k2  2 dB 2 W" -1-PV : •iw2 1d11TII-3-2

wihen the superconductor is in the normal state and:

k -2 dB I j
P/ dB•- (W1 -1) + 3(W-)() 111-3-3

when the superconductor is in the superconducting state

Where:

p = resistivity of the matrix

k2 = 1

the other symbols are as given above.

The analyses which led to the above expressions were extended and
expressions were derived for the instantaneous power losses due to a
round wire. They differ from the above expressions only in the constant
k (a geometry factor). The derivations are given in Appendix I of this
report. For a round wire

k= - and k2

The above expressions are for instantaneous power loss per unit
volume. To obtain the total energy dissipated during a cycle they must
be integrated suitably over +time nd over the volume of the conductor
in the coil.

The energy losses in the superconductor are hysteretic type losses
and are independent of the time over which the charge or discharge occurs.
However, the eddy current energy losses are proportional to the rate of
change of flux density in the conductor. The model chosen for the super-
conductor losses was as follows. it was assumed that critical current
density/critical field curve for the material was linear and was defined
by Jco (the critical current density at zero field) and Bo (the flux
density at which a linear extrapolation of the Bc-Jc curve from the low
field region crosses the jc = 0 line). This is a reasonable approxi-
mation to the real curve for restricted sections of the Bc-jc curve and
could be used in the case of the coils built during this program because
of their low peak fields at n.aximum current. It was also assumed that
the conductor in the coil at any current experienced a field which
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varied linearly from zero to a maximum at the peak field position. In
the case of the eddy current losses the magneto resistance of the
normal matrix as a function of time and position was also taken into
account. A more detailed account of this procedure and the deriv-
ations are given in Appendix I of this report. The results of these
dnalyses are as follows. They are given in terms of the average
energy loss per unit volume of conductor in a coil which is charged from
zero current to a maximum current (or discharged from a j aximurn current
to zero curient). The total energy loss for the coil is therefore found
by multiplying by the volume of the conductor in the coil.

For the energy dissipated due to the superconductor:

E/V - w BNý0co 1_ BM •JM/Jco ,r 1,BM,
3 B 0 i-) +2(8 /R Li-2R o

BM

+ 0 111-3-4

B 0

Where:

Co= critical current density and flux density which define

B0  the Bc-Jc curve for the purposes of this model

BM = flux dens;ty at the peak field position at maximum transport
current density

jM = maximum current Jensity in superconductor

w " didmeLer of superconducting core

wc = diameter of normal matrix
W = w c/w

For the energy dissipated due to the normal matrix (assuming an

exponential decay of transport current):
4 l~lT -~-)BM

EI • 2W4 _I 12 oK" +(B + k-• In(] + B

E = 3 w- 2 ( +_ ) ( M ) Bk -

(K'

for when the superconductor is in the normal state and:
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BM BM

3 2, (W"-l) K2  1,BM (l+ )n(1+ KE/VW 12PT +BM

+ (Ml F( 111-3-6
Jco

for when the superconductor is ioi the superconducting state.

Where:

F - a function of BM, Bo, W, K

Po = the zero field resistivity of the material

i = the exponential decay time constant

K = a factor which defines the magneto-resistance effect

in copper, i.e.- p(B) = P (I + B)

An expression was also derived for the loss due to a transport
current density in the matrix. This would be the situation if the coil
were to go normal. For the case where the whole of the coil goes normaia
at the beginning of the dischdrge and remains normal throughout the
exponential decay period the energy loss per unit volume averaged over
the volume of conductor in the coil due to the transport current density
is:

(WI-I) JT 2 'o' BM

E/V - +-_2 (I + -K 111-3-7

Where:

Jl transport current density in the_ indtrix

and the other symbols are as given above.

Appendix I jives details of these analyses and Table XX summarizes
the formulae for energy losses given above. The formulae given above
were refined to take account of the actual field distribution in the
coil as opposed to an ideal case where the field varied linearly along
the length of the wire from zero to a maximum at the peak field position.
The formulae instedd of having just one field term were written in terms
of two field terms. One term defines the lower field experienced by a
length of conductor carrying the maximum transport current and the Other
term defines the upper field. The field distribution in between is again
assumed to be linear. The average energy loss per unit volume of the
conductor is calculated using these formulae; the total energy loss due
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Table XX

ENERGY LOSS FORMULAE (SIMPLIFIED)

These formulae assume that there is a lineur variation of ambient field
along the length of conductor in the coil from zero to a maximum at the peak
field position. It is assumed that the field rises linearly during charge
and falls exponentially during discharge. Energies are given in terms of
volume of conductor (i.e., copper and superconductor).

1. TRANSPORT CURRENT LOSS

E _ (W2 -1) + BM3
Vol W7 2 (+ ) 111-3-7

2. EDDY CURRENT LOSS

E - 3 2 (K-1) K / 1 BM (I + K lM)In (1 + 1BMM)

Vo--l 4 12po TŽ + 2 K BM 111-3-5

3. MAGNETIZATION LOSS

E 8 w jco M 1 _ M 2B M 1-B 0IBr 0

Vol� T aiW 21 + 38 (BM Jco[- 5 +M

111-3-4

JT= Maximum transport current density in copper

M -- Maximum transport current density in superconductor

M= Maximum flux density in conductor

B0 o Flux density and critical current density which define Bc-Jc curve of

Jco- material over region of interest.

Po = Resistivity of copper at zero flux density.

K = A factor which defines magneto resistance effect in copper, i.e.,

P(B) = 0o (l +

w = Diameter of superconducting core

W = Ratio of diameters of conductor and superconducting core

S= Discharge time constant for an exponential decay
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I to this length of conductor is found by multiplying the average energy
loss by the actual volume of the length of conauctor in the coil which
experiences these upper and lower field limits.

To use these formulae it is of course necessary to know the distri-
bution of field within the windings. The distribution was found by
taking a field plot within the windings and calculating the volumes
between various field limits. Figures 76 and 77 are such distribution
curves for the 1 kJ coil and 7 kW coil, respectively. They are in the
form of histograms. The coil was clivided into 10 regions such that the
field limits of each region were 0 to 0.1 of the peak field, 0.1 to 0.2
of the peak field, 0.2 to 0.3 of the peak field, etc. The volume of
conductor in each region is represented in terms of the ratio of the
volume in the region to the volume of the coil. The fractions of volume
in the lowest and highest field regions are lowest and the volume
fraction peaks in intermediate regions. This is as would be expected
since there is only one point in the coil where the field is zero and
only one point where it is a maximum whereas intermediate fields extend
over large fractions of the volume. Thus with the refined formulae
described above and with a knowledge of the actual field distribution
in the energy storage coils, predictions could be made as to the energy
losses which would be incurred over a charge-discharge cycle under
various assumptions as to the state of the conductor as a function of
position and time.

b. Models Concerning the State of the Superconductor in a Coil

The simplest two models are shown in Table XXI. Both models
assume that the whole of the energy storage coil is superconducting
throughout the charge period. The losses on charge are then the sum
of a magnetization loss due to the superconductor and an eddy current
loss due to the normal matrix. The models differ however on the
assumptions made for the state of the coil during discharge. Model 1
assumes that the whole of the coil remains superconducting during the
whole of the discharge period. The losses then are the sum of a
magnetization loss and an eddy current loss. as on charae. Model 2
assumes that the wnole of the coil goes normal as soon as the discharge
starts and remains normal throughout the whole of the discharge pe-iod.
The losses then are the sum of a transport current loss in the normal
matrix and an eddy current loss. These two models are two extreme cases
and since the losses due to various fractions of the coil can be
calculated separately it is possible to have models where a fraction of
the windings (in the higher field regions) go normal and the remainder
stays superconducting. In Sections 111-5, 6 and 7 a comparison is made
between the results of the loss experiments and various models. In view
of the simplicity of these models, a reasonable agreement between theory
and experiment was found.

It has been tacitly assumed that the critical current density jc is
only field dependent. Pis is not true of course since it is also
dependent on temperature. At a constant field strength the critical
current density decreases with increasing temperature. Since, as has
been pointed out previously, the temperature of the windings rises
during a rapid discharge the critical current density at a given field
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Tanle XUI

SIMPLE ENERGY LOSS MODELS

MODEL 1 STATE LOSS

Charge Superconducting Magnetization (M)
Eddy (El)

Discharge Superconducting Magnetization (M)
Eddy (e 1 ,

Total Loss/Pulse = 2M + El + E2

MODEL 2 STATF LOSS

Charge Superconducting Magnetizetior. (M,
Zddy (El)

Discharge Nora I Transport 0)

Total Loss/Pulse = H T T El E

NOTE: More complicated models have been used whereby it is assumed that
c2rtain fractions (f) of tne coil go nGrmal during discharge giving

TOTAL LOSS/PULSE = M + flM + f 2 T + E1 I E,
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strength can be expected to be less during discharge that during charge.
This decrease in current density will result in a lower power loss due
to superconductor magnetization. The models used do nct take account
of this effect and therefore the predicted magnetization losses can be
expected to be higher than the real losses. The model also assumes that
the critical current density flows throughout the whole of the area of
cross-section of the superconductor. This is only true if the field
panetrates to the center of the superconductor. In reality, at low
fields only partial penetration occurs. Since all of the coil is at low
fields for part of the cycle and part of the coil is at low fields for
the whole of the cycle, the models described above will again
overestimate the size of the magnetization energy loss.

The derivation of the loss due to eddy currents in the matrix
assumes that the induced flux fully penetrates the matrix. While this
is true at long charge or discharge times it can be expected that at
short discharge times the penetration will be skin depth limitel so that
there will be discharge times below which the eddy currrent lons is
overestima ted.

The results of the experiments to measure losses (which will be
aescribid in detail in Sections Iii-5, 6 and 7 suggest that the three
possiule causes for error described above are significant since the
Joss measuremnents are consistently low-r than those which would be
eAkectc fron- precictions maje accordi g to the models described in this
se.Lion. ThiS is particularly ,o for measurements made on the 1 kJ
coil at s-iort ciscriarqe tir,*s-

ý,5 far as improin; trhe oodels is concerned, in light of the
ltm-•;)ns cescribec atoie, it %-Dula be relatively easy to take into
a.,ýau-. te inco'!cete penetrat ions of field into both the matrix and

;trronC.:,tor. Hoh._.er. takinig account of the change in critical
clrent density according to tei'perature is likely to be intractible

We..e ow tne oiitcultA) of predicting the te:mperature of the windings
a- a hi'¶Ction of 0 ink- arso position.

4. LZSS MLk:'. REts"N M:-ThODS

a . n t ro 04ýic lion

In order to properly evaluate the performance of an energy storage
coil, it is of fundamental importance te measure the energy losses as a
function of current snd of frequency. The most straightforward method
for doing this is the measurement of the rate of boiloff ot cryogen
(helium) as a function of the operating mode of the coil. While this
method is in principle very straightforward, it is in practice restricted
to fairly long-term (minutes) repetitiv, experiments as is discussed in
Section 111-4-b, Helium Boiloff Method below. An alternative technique (17),
whicn is capaolP of measuring the losses during a single charye-discharge
cycle of the coil, consists of displaying the hysteresis loop for the
superconducting coil on an oscilloscope by mean; of appropriate electronic
equipment; the area inside this loop is proportional to the energy loss
in the coil. The theoretical and the practical aspects of this electronic
loss measurement technioue are discussed in Section 111-4-c, [lectronic
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Method below. Of these two methods for measurinq losses, the e1€ctronic
technique is the more practical for experimental purposes because it
makes possible the evaluation of a coil by means of a number of single
cycles instead of by repetitive operatiun.

b. Helium Boiloff Method

The heat generated within the windings of a coil when pulsed
c,, jarts a quantity of liquid he ium into helium nas. The mass of
gas boiled off is proportional to the quantity of heat dissipated.
Thus if the volume of gas evolvrd can be measured ac a known temperature
and pressure, the rate o' neat i4eneration within the windings can be
calculated. Since the quantity of heat generated in energy storage
coils is of necessity small, this usually implies that the gas evolved
during a number of charge/discharge cycles must be measured. It was
possible to carry out this procedure when testing the 1 KJ model coil
and the 7 kJ model coil because the electrical circuitry was designed
for repetitive pulsing. However, oecause of limitat-ons in the
electricai circuitry of the 100 kJ coil system it was not possible to
repetitively pulse it.

Unfortunately the helium evolved frem the dewar is due not only to
the heat generated in the coil but also to heat conduction down the
neck of the dewar, down the support structure and down the leads.
Furthermore, the heat conducted down the leads is a function of the
current which is passing through the leads and the heat due to all
sources other than the coil itself is a function of the liquid level
in the dewar. If a netdllic dewar is used then there are ddditional
losses when the coil is Leing pulsed because of eddy currents induced
in the walls of the helium container. The gas evolved due to these
other sour(es provides a background boiloff which must be measured and
subtracted from the total beiloff measur..d wi.;hile pulsinq -,h coil
The accuracy of this methud depends to a large extent on whether the
boiloff due to these extraneous sources can be accurately measured
or estimated and obviously the smaller they are relative to the boiloff
due to heat generation wtihin the coil the better is the measurement.

Provided that the liquid level does not change appreciably during
the course o, a run, the static boiloff due to conduction from room
temperature down the walls of the dewar, the current leads, and the
support structure can be measured by monitoring the boiloff for a period
of time before coil pulsing is started, However the effects of heat
generation in the walls oF the dewar due to eddy currents and heat
generation in the current leads cannot be measured ty this method. ;he
first tests were carried cut on the 1 LJ coil where the heat yeneration
due to eddy currents in the dewar walls was much hilher than tne heat
generation ir, the coil itself over the wholc of the range of discharge
time; used. At the smallest dischrge times (-C. ims) it was almost an
order of magnitude greater. Clearly thr hoiloff die to edcdi currents
in the IIwaI walls had to be separated fron. the bo-Ioff due to the ccl.

This was achieved by buildinq a contairter around tVe coIl arid ieasurino
only thlc boiluff coming fror-i in~side the- contairer. Itis also help;ed to
reduce the stotiK boiloff. The beil f' due to the dewar walls and one
current lead were co:,1pletely eLld d.)oev r (causu, Of the hi]
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voltages appearing across the coil terminals and space limitations it
was not possible to rernve the other current lead from inside the
container, Therefore, tnere was a residual background boileff due to
one current lead and to the structure which was suppoiting the coil.

TV- hoiloff gas was passed through a long tube (to allow it Lo
warm ur to room temperature) to an integrating gas meter. Volume
readings were taken before, during and after a run that involved charging
and di._charging the coil a known number of tinies. The readings taken
before gave a reference rate of background boiloff. Readings were taken
after the run until the ;ystem had settled down to the same rate of
background boiloff as was evident before the start of the run. The
quantity of gas evolved due to background was estimated by taking the
product of the background rate and the time from the start of the run
to the time of the last reading. This was subtracted from the total
quantity evolved to give the quantity evolved due to the losses in the
coil. This procedure overestimates the coil loss by a quantity which
depends on the aaditional boiloff due to passing current through the
one current lead which is inside the container around the coil. However,
in view of the experimental difficulties and limitations on the model
used to predict the losses, there was reasonable agreement between the
experiment and theory.

This method of measuring losses is both time consuming ano costly
because of the time taken to complete a run. In making measurements
on the model coils a rvn lasted typically one hour. The electronic
niethcd described in the next section is to be preferred be-cause since
only one pulse is required a greater amount of data can be gathered in a
given time and at lower cost because much less helium is consumed. It
also hes the potential of providing more information since from the
shape of the hysteresis loop obtained conclusions can be drawn es to
the mechanism of losses within the coil.

c. Electronlc Method

To understand the e.ectronic technique for measuring coil losses,
it is perhaps simplest to begin by noting that the voltage appearinn
across the terminals of the coil consists of an inductive part, L dif, and
a resistive part, Ri. The product of the inductive c-omponent of d-t
voltage and the c.rrent is tne rate at wnich energy is beinq stored or
removed fromr the maoqnetic field of the coil. The product of the resist-
ive component of voitage and the current is the rate at whicr, energy is
being dissipated by whatever loss mechanisms are present. If the
resistive loss is iitegrated over the t4ie requir,!d for one charge-
discharqe cycle of the coil, the result must be the energy dissipiated
da rinr that cycle, which iK the de'sired quantity.

In ,r-actice it is helpful tc remiove the inductive coma,)nent of
voltaoe before perforring the integration because it is 1,000 to 10,000
tim;es larger tnan the resistive voltaje and can be !-½vce evough to
de;tr,)y electronic equip-ient. This task car. be accu)rplmshrd by produj.inc
a purely indjctive vulItaie bV' iTeens of a secoidary windirir. on the coil
or by means of a Rl1owsi1 coil around a current lead tc '.ic coil ard
Su tractinq it f,-O e' , a;r'uiate f ctior, of e or te
t',r-,irals of trc, coil. f the i J, t ve coi'poroie 0C I o ol ta'X IS
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nulled in this fashion, the remaining voltage is purely resistive. if
th's voltage is integrated and fed to the vertical input of an oscillo-
scope while a voltage proportional to the coil current is fed to the
horizontal input of the oscilloscope, the result is a figure which
bounds an area that is proportional to the energy dissipated in the
coil during a cycle. A mathematical derivation of the theory of this
technique is presented in Appendix II. It is proved rigorously that
the area bounded by the figure on the oscilloscope is indeed
proportional to the energy loss in the coil. A schematic of an
appropriate experimental setup is given in Figure 78.

in order to perform a reliable loss measurement by using the
technique discussed above, it is necessary to examine the specifi-
cations that must be met by tie components of the basic electric circuit
shown in Figure 78 in order to insure an accurate result. In the
analysis of component errors presented in Appendix I11, it is shown
that the error in the loss loop measurement dupends upon integrator drift
and on the product of the uncancelled inductive voltage with Lhe phase
shift error of the integrator. It is necessary that both the equiv-
alent drift voltage (input DC voltage that would produce the observed
dr'ift with an ideal integrator) and the product of the uncancelled
inductive voltage with phase shift error of the integrator be small
compared with the loss voltage which can, in some cases, be as small
as one millivolt. It should be noted that it is also necessary to have
an accurate current measurement whicih is free of phase shift errors.

Because the inductive voltage is typically 10' times la-qger than
the loss voltage, it is necessary that the rcsistive divider pictured
in Figure 78 have a resolution of at least one part in 10'" in order to
[roduce a useful loss loop. If it is assumed that the uncancelled
inductive voltage is about the same magnitude as the loss voltage, then
it is necessary that the phase shift erron of the integrator be no
greater than 10-? radian in order to make the phase shift contribution
to the measurement error negligible. This restriction on the phase
error of the integrator requires that the operational amplifier
contained in the integrator (Figure 79 ) have an upper frequency I;mit
at least an order of magnitude(lfP) above the highest operating
frequency conLniplated for the experi;ient (about 2 kHz in our aopli-
catinn), an open loop gain of at least 10'" to allow an integration
time(18) of 10 seconds with a time constant of 33 rilliseconds and a
maximum phase shift of 10-2 radians and have an input impeddnce larqe (13)
compared to the input resistor of 330 k., (Iijure 79 ). The performance
requirenierts of the current shunt, the voltane divider, the integrator,
and the overall circuitry layout are summarized in Iaule XYII.

lhe design of the current shurit. i.'hich i, COnsfr'dined by the
requiiewerits for low inductance arid for resistnnce stability av a a
lunction of frequercy and current Is discusseo in outa 1 1 ri Appendix, ;V.
A .5cne-iotrc is given in Figure L'i arid d sumr~ai v 01 electrical charac-
teristic; is gi en in Table ',17 If zriI a b I :! IT I cl.aI Tt'ai th is
c'Jrr nent shunt easily fulf ills thf- reoq id eri, r;Z, su",ori7(,,d ir !a'le ).X"
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Table XXII

COMPONENT REQUIREMENTS FOR ACCURATE LOSS MLE,KUREMENT

Current Shunt:

Must have phase shift of less than 10-2 radians up through 2 kHz. Resistance
must be independent of current up to 2,000 drnps (i.e., no significant heating).

Voltaqe Divider:

Must be able to stand up to 50 kV (pulsed) without arcing. Must have
resolution of at least I part in 10', 1 part in 105 preferred.

Integrator:

Must be protected against input voltage transients. Must have phase shift
error of less than 10-2 radian for integration times from 10 seconds to .5
millisecond; this requires an open loop gain greater than 10' and a
frequency response greater than 20 kHz (at least 100 kH? preferred). Must
have equivalent DC input voltage (drift) no greater than a few tens of
microvolts. Must have high input impedance.

Circuitry:

Isolation techniques selected must preclude any fraction of the voltage drop
in the cables between the coil and the current shunt from entering the
integrator.

4.m
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Table XXIII

CURRENT SHUNT CHARACTERISTICS

Material: 321 stainless steel

Dimý,nsiens: Inner cylinder - 2.625" OD, 0.120" wall
Length 5"

Outer cylinder - 3.000" OD, 0.120" wall

(c Resistance: Rdc = 0.28 nm-

dc Voltage: Vdc = 560 mV at 2,000 A

Skin Depth: 6 = 0.78 inch for 2 ms discharge

6 = 0.25 inch for 0.2 ms discharye

High Frequency Resistance: R- 1  5

-R 1 = 5.1 x 10- (0.51%) for 0.2 ms dischargeRdc

R
Rdc

-r = 2 ms, i 2,000 A

V.i iuctive V inductive

Inductance Vresistive

Low Frequency (ir=0) L=3.09 x 10-9; 3.09 mV 0.70'

High Frequency (.=o) L = 1.42 x If-Y H 1.42 mV 0.3,':1

(Fur co•oparison, if th, cryl' inders were not coaxial then the inductanLe woulu
be 9,.4 x iO-q0 and Vinductive = 92.4 mVI arid 'Vinductive 2i%)

Vre,' i s t qe

Tempe,-ature Ri ýe - AT = 18 K and '_R - 1.9 for 20 s chrirge.
V



The design of the resistive divider, which is constrained by the
requirements for high resolution, compatability w'th the input impedance
of the inteyvator, and resistance stability as a function of coil output
voltage, is discussed in detail in Appendix V. A schematic of the
version of this divider that was used with the 7 kJ coil is qiven :n
Fiqure 81. The overall divider resistance of 59,000 ohms was deter-
mined by a tradeoff between compatibility with the integrator and
thermal stability; the selection of a large number of discrete components
was dictated by the high voltage requirement as is explained in Appendix
V. With this two-stage design, a maximum resolution of one part in 10"'
is available (one part in 102 from the resistor string and one part in
l0' from the ten turn pot). It is clear that this fulfills the
resolution requiremnents set forth in Table XXII.

The rather severe requirements that must be satisfied by the
integrator in order to ensure an accurate loss measurement led to the
selection of a circuit with the minimum number of components, as shown
in Figure 82. Protection against high voltage transients, such as
might occur during a quench (i.e., the coupling ratio between the storage
coil and the sense coil might change thus disturbing the null of
Inductive voltage by a large amount), was accomplished by the use of a
set of zener diodes as shown in Figure 82 (a). On examination of the
entire instrumentaticn circuit (Figure 78 ) it is clear that the
maximum current that can flow through the protection circuit is limited
by the resistance of the voltage divider; for a 60 kV transient, the
maximum current through the 59,000 ohm divider (Figure 8i ) is ont
amp, a level which is well within the capabilities of the components
,zetd It was determined by experiment (obtaining a loss looJ -ith
and without the protection circuit installed) that the insertion ut
these zener diodes did not introduce significant phase shift oe
amplitude errors into the integrator circuit. Resetting of the
integrator was accomplished by means of a single pole, single throw
mechanical (toggle) switch as shown in Fiqure 82(a). In order to
minimize drift, polycarbonate capacitors were used, these are a,¶ioig
the lowest leakage (.-I0- amps) and most stable types comTercia.ly
available. In addition, a two-stage design was selected for the
ampli,;er balance circuit (Figure 8P (b)) which provides a resolutiou
of az least one part in 10%. The inijut resistance of 330k ohmos was
the smallest value that could be used with the largest readily avail-
able polycarbonate udpacitors (3 rnicrofarads) to produce an integratin,
time constant of orne setond (the largest needed for our expcriments).
It is necesscry that this input resistor be as small -is po-,sile in
order to minimize the long-term drift of the integrator. ThL op, ational
amplifier selected for this circuit has an open loop gain of 75,sO or
more, an input impedance greater than 10 ohms, a frequency 1 init of
500 kI.z, lco, leataqe curronts, and mno-erate coest (Table X XIV- It wds
found tha this irieq~atur fulfilled the phase shift, frequenicv rPsP0n1'e,
and gin requirewietr-s of Tiice •Xll easi 1,. It met the drift reuuirc
ments (equival,.,nt inp.-ut voltage of about 30 microvolt,) provided thad
the oalance circuit (Fiqure 82 w')) was careftuliv adiu 'ted for ,itv'•ru,
drift every 15--20 '0iriutc!. 1hi, intecirdtor provide', aden(Jdt,
performance for mahi ln accd a te lo0s 1 ool , rinasureml,,'rit if used Cdreu ful'-



59 k. (string of 59 1 k:. resistors)

20 kQ <.
51 10 PoTurn~Pot <

3.53 k?

:qu' V ql V)tc. ie divider to p,'ovide aceLrat& iw OT he qductive
v I tqe Int vwlItaqe arpplied t( the 1I0 tur, rot is 1 .5 percert
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INPUT 330 k

AD52L ;"INTEGRATOR OUTPUT

IZV12 +023

OVERVOLTAGE PROTECTION

Figure 02(a) Final Version of Inteorator Used for L oss Loo) Heasurelerits.
Capacitor selected by 12 position switch. drift inflin ized bv
circuit shown below.

..*---,PIN NUMBERS ON OP-AMP ---------- 5
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Table XXIV
OPERATIONAL AMPLIFIER JSED IN INTEGRATOR FOR LOSS MEASUREMENT DEVICE
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The final set of considerations that affec', the loss measurement
is the physical arrangement of circuit elements. It is essential that
the voltage entering the integrator contain only the resistive compon2nt
from the coil. In view of this requirement, the voltage across the coil
is picked off by a pair of wires attached directly to the coil (down at
the bottom of the dewar); the point of this is to avoid the measurement
of any portion of the power loss in the non-superconducting leads
attached to the coil. For similar reasons, it is necessary to isolate
the current shunt by means of a differential amplifier with very high
conmnon mode rejection ratio, or by some equivalent techniqae, in order
to avoid picking up a significant fraction of the voltage drop on the
power lead between the coil and the shunt (Figure 78 ). Th. DC voltage
drop across this length of 3/0 cable is one volt for a current of 1,000
amps. The situation is even more difficult during a rapid discharge
because of the inductance (4 microhenries) of this cable: for a
discharge time of one millisecond with a current of 1,000 amps, the
voltage drop is 4 volts. Because the error voltage can be as small as
one millivolt, it is important to avoid picking up even 0.1 percent of
this cdble voltage. This could happen, for example, if the cables from
the two sides of the shunt to the differential amplifier (as in Figure
83 ) were each terminated by 50 ohm resistors (to minimize noise) and
the resistance of the electrical lead from the oscilloscope to the
ground point in the figure were about .025 ohms. For similar
reasons, i.e., the great sensitivity of this measurement to small error
voltages, the oscilloscope and the integrator were both operated from
isolation transformers and great care was taken to avoid ground loops;
the system ground was taken to be the case of the high voltage power
supply used to charge the arc quehch capacitor.

5. LOSS MEASUREMENTS MADE USING THE 1 kJ COIL

Loss measurements were made by the boiloff method only on the 1 kJ coil
ade from sige core sup..rcondu.c.t•ng wire. The coil ,,as charged and

discharged repetitively at a rate of 1 pulse/second into a resistive load.
The charge time was 155 mis, and the discharge time constant ranged from 4.5 ms
to 0.21 ms. The maximum vcltage on discharge at the smallest value of the
time constant was approximately 14 kV, Figures 64, 65 and 66 show
oscilloscope traces of the current and voltage waveforms. Figures 64 and
65 show the current during charge (single and multiple pulse respectively)
and Figure 66 shows the voltage during discharge. The magnet showed no sign
of quenching even when charged to currents very near to the critical current.
The maximum current reached in the series of tests was 425 A, the critical
current being 430 A.

Loss measurements were made using the technique described in Section
11l-4-b, Helium Boiloff Method. The first series of measurements were made
without a shroud around the coil. Consequently, the boiloff measured was due
to a number of components, e.g., static dewar loss and lead loss, losses due
to the coil, and losses due to eddy current heating in the dewar walls. An
experiment was performed to detenrine the static loss and lead loss by
measuring the boiloff with different levels of helium in the dewar and differ-
steady currents in the leads. The ranqe of steady currents was crosen so that
it would correspond to the range of rms values of the current, expected in
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the pulsed coil tests. However, at those currents it happened that the
additional boiloff due to ohmic losses in the leads was small and the static
boiloff predominated.

The coil was tested in a metallic dewar with no provisions made to
separate the helium boiloff due to losses in the coil from those lusses due
to eddy currents in the dewar walls. The total measured losses proved to be
much higher than the predicted coil losses whei the coil was discharged
rapidly, even when the backgrozind static boiloff was subtracted out.

This was assumed to be because of the losses due to eddy current5 in the
dewar walls. An analysis was conducted to estimate the maqnitude of the eddy
current losses in the dewar walls. This is described in detail in Appendix
V1, Losses in Conducting Dewar Walls, of technical report AFAPL-TR-72-38,

V\ci. I. The results indicated that at the shorter discharge times at which
1he coil was operated these losses would indeed be much greater than the
losses due to the coil.

A container was therefore built around the coil to separate the losses
due to the dewar from those due to the coil and the coil was again tested
over the same range of operation conditions. The contairer was filled by
opening a valve connecting the liqu;d helium storage volume of the dewar with
the volume inside the container surrounding the test coil. This valve was
closed prior to taking loss measurements. Under these conditions, only the
helium boiloff from the container was measured. The helium boiled off by
the eddy current heating in the dewar walls was released dirpctiy to Lhe
atmosphere. In all experiments, the coil was charged in a time compatible
with a pulse repetition rate of five per second, i.e., hetween 130 Pis and
160 ms. In this series of tests the measured Isoses more nearly coincided
with the losses predicted for the coil.

The accuracy of the analysis concerning the lesses due to eddy currents
in the dewar walls was checked by comparing the predicted and measured eddy
current losses. The measured losses were obtained by subtracting the losses
due to the coil (as measured in the second series of runs) from the total
losses (as measured in the first series of runs). This comparison is shown
in Figure 84. it can be seen that there is excellent anreement at the
larger discharge times but that the measured losses are smaller than the
predicted losses at the shorter discharge tilnes. This can be explained by
the following reasoning. The model used for predicting the losses in the
dewar walls assumes that the flux fully penetrates the dewar walls so that
heat is generated throughout the whole volume of the walls. This is true
only over a certain range of rate of change of field since the flux wili in
fact penetiate only as far as the skin depth. When the skin depth is greater
than the wall thickness, the whole of the volume of the walls is available
for heat generation but when the skin depth is less than the wall thickness
heat is generated only in a volume determined by trie sk;n depth. Thc. -kin
Jepth decreases with increasing frequency (decreasing discharge time) and so
the model used can be expected to overestimate the losses at shorter discharge
times. This is what is observed.

A third series of loss measurements were made this time at a pulse repe-
tition rate of 5 per second. These measurements which were made over a
similar range of discharge times agreed well with the measurements maJe at a
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repetition rate of 1 pulse per second. Figures 61, 683 and 69 are oscillo-
scope traces taken during this series of experiments. Figure 67 shows the
detail of the current ouring charge; Figure 68 shows the current during
charge of a long pulse train; and Figure 69 shows a detail of the vCotage
across the coil during discharge.

Figure 85 shows the measured losses as a function of discharge time
constant and the thporeti'rcl losses as predicted according to various models.
The significance of the various theoretical model; is explained in Section
111-3, Theory of Losses in Pulsed Coils.

It can be seen th - the losses are comparable with or less than the
losses predicted according to any of the models shown in the figure. However
the trend of the experimental curve as a function of discharge times does not
correspond with any of the modol;. The explanation offered for this is as
follows. At the longer discharge times (I ms to 4 ms) the slope of the experi-
mental curve is such that it follows the slope of the model where it is
assumed that the conductor having fields in the range 0.9 to 1.0 of the peak
field goes normal during discharge. In this range of discharge times
according to the theory derived the dominant losses are the magnetization loss
and the transport current loss; the eddy current loss is insignificant. A
better fit in this range would result from a reduction in the theoretical
magnetization losses. It was indicated in Section 111-3, Theory of Losses in
Pulsed Coils, that the wojel used for magnetization losses overestimated
them because: complete penetration of flux into the superconductor was
assumed whcreas in facr at the beginning )T Lhe charge period all of the coil
is at lw fields; and parts of the coil are always at low fields. At low
fields only partial penetration exists. Furthermore, the mcdel assumes that
the critical current density in the conductor is the critical current density
at 4.2 K. This is likely to be true during charge because the coil comes
into a steady stite situation whereby the heat generated within the windings
is dissipated in the helium bath at a low temerature difference between
the coolant and tie coil. However, on discharge the heat is generated so
quickly that it is more realistic to assume adiabatic heating. Thus, some
parts of the coil go normal and the tempcratý.re of other parts rises an
appreciable amount above 4.2 K. Thi', the critical current density is lower

over certain regions of the coil. Thi. effft too tends to redice the losses
below those predicted by the theory used.

At di,.charge times of less than about 1 ms the theory predicts that
losses due to eddy currents become significant. It is because of the eddy
currents that the theoretical curves turn up at low discharge times. The
experimental curve however showis no indication of turning up even down to
the lowest discharge times used. This indicates that the model used to
predict eddy LurreriLs in the matrix overestihnates them. As was indicated in
Section 111-3, Theory of Losses in Pulsed Coils, this may be due to the fact
that the model does not take account of 5kin depth effects Neglecting the
shin depth will have the effect of overestimating eddy current losses since
the model assumes that full penetration of the matrix exists.

If it is assumed that eddy currents are insignificant even down to the
lowest discharge times used, then the theoretical curves can be redrawn.
Figure 86 shows the same experimental data presented in Figure 25 tonether
with two new theoretical curves. Both curves assume that the coil is
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completely superconducting on charge and that the conductor in the region
which experiences fields between 0.9 and 1.0 of the peak field goes normal
at the beginning of the discharge and remains normal throughout the
discharge. Both curves also assume that eddy currents are insignificant.
Curve 1 assumes magnetization losses in the superconductor as predicted by
the theory derived. It can be seen that now the trend oF the theoretical
curve follows the trend of the data points. Curve ? arbitrarily rpouces the
magnitude of the magnetization losses to 75" of thcse predicted by the theory.
It can be seen that curve 2 is now a reasonable fit to the data points.
Because of the large scatter in the data points it was felt that it would not
be useful to be more sophisticated in adjusting the mcdel.

In conclusion, it can be said that within the limitations of th. model
there is reasonable agreement between theory and experiment ar,i that some
additional theoretical analyses should be conducted to obtain closer agreement.
The results of the experiment suggest, that, contrary to the theory developed,
eddy current losses are negligible and that the theory overestimates the
magnetization loss by 20% or 30%. It appears, as was predicted, that the
coil remains completely superconducting during charge but that during
discharge some superconductor in the higher field region goes normal.

6. LOSS MEASUREMENTS MADE USING THE 7 kJ COI!

a. Introduction

The purpose of this (the second) series of tests with the 7 kJ coil
w~s to demonstrate the validity of the electronic loss loop measurement
by m1eans of a comparison with the previous boiloff measurements. The
boiloff measurements are described in Section III-6-b, Boiloff Measurt-
ments, below. A sense coil was added to the 7 WJ coil as shown in
Figure 87 to be used in loss measurement as indicated in Figure 78 and
as discussed in Appendix II; the voltage coupling ratio between the
7 kJ coil and the sense coil is about 0.06. The primary obstacle to the
performance of an accurate electroiiic loss measurement on the 7 kJ coil
was the presense of the metallic dewar which, in most operating regions,
behaved like a shorted single turn secondary winding of a transformer.
In addition, the dewar wall acted like a magnetic shield, causing the
self inductances of the 7 kJ coil and of the sense coil (and hence
their mutual inductance) to vary with frequency. Unfortunately, the
electronic measurement technique records both the coil losses and the
energy absorbed by the dewar. Consequently, Section III-6-c, Inductive
Effects of the Metallic Dewar with Respect to the Electronic Method, and
Section II-6-d, Energy Losses in the Metallic Dewar, b~law are
concerned with identifying an operating regime in which the dewar effects
(resistive and inductive) are small compared to the losses in the coil.
A suitable regime was found and tht desired measurements were
accomplished (Section III-6-e, Electronic Loss Measurements on the 7 kJ
Coil, below). The losses measured electronically were found to be in
good agreement with the previously obtained boileff data.

b. Boiloff Measurements

Measurements of losses by boiloff were made in a similar way to those
made on the 1 kW coil, a similar container being constructed around the
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7 kj coil to separate coil losses from losses due to other sources.
The results of these measurements are given in Figure 88 together with
the predicted losses according to the two extreme theoretical models
previously described. As for the 1 kJ coil, for the most part the
measured losses tend to agree with a model in which the coil is super-
conducting during charge and partially normal during discharge. However,
the scatter in the experimental data is greater and interpretation is
more difficult. It can be seen that there are two very high data
points which coincide more than anything with a model according to which
the whole of the coil is normal during discharge. It is difficult to
believe that this is the case. The only suggestion which can be made
is that perhaps these points were taken when part of the coil was above
the level of the liquid helium in which case it is possible that part of
the coil was normal for part of the charge period. However, it is of
course impossible now to confirm this hypothesis.

c. Inductive Lffects of the Metallic Dewar with Respect to the
Electronic Method

The first problem considered was magnetic shielding by the dewar.
In a frequency range where this occurs, the inductance of the storage
coil, of the sense coil, and their mutual inductance are all functions
of frequency. Figure 89(a) shows the circuit used for measuring
inductances at low power levels and Figure 89(b) shows the experimentol
arrangement for inductance measurements at higher power levels. Figures
90 , 91 and 92 show the self inouctance of the 7 kJ coil, of the
sense coil, and their mutual inductance, .- function of freq.enc.y at
room temperature both inside and outside the dewar. The measurements
were made both at low power levels (using a function generator) and at
high power levels (using capacitors charged as high as 20 kV and a
spark gap or the vacuum interrupter) in order to check for experimental
errors. The technique used is described in Section III-6-d, Energy
Losses in the iMetallic Dewar. All of these curves show that the dewar
causes a significant change in the measurements at frequencies above
10 to 30 Hertz. The apparent increase in mutual inductance (Figure
91 ) at high frequencies is really caused by capacitive coupling; the
frequency at which the capactive coupling becomes significant is an
upper limit tn the range in which this sense coil will be useful for
making a loss measurement. The inductive effects of the dewar should
be more pronounced at lower temperatures because the resistivity of the
stainless steel dewar wall will decrease (approximately a factor of
three) thus leading to better shielding at a given frequency. Figures
93 , 94 and 95 show the results of the corresponding inductance
measurements (corresponding to Figures 90, 91 and 92 , respectively)
at liquid nitrogen temperature (77 K). A plastic dewar was especially
constructed for these measurements. As can be seen from the curves, the
various inductances are smaller at a given frequency than they were at
room temperature. The final set of measurements, Figures 96 , 97 and
98 was made at liquid helium temperature in the metallic dewar (there
was not a non-metallic dewar of a convenient size available). An exam-
ination of all these curves (Figures 90 through 98 ) indicates that any
useful loss measurements must be made at frequencies of less than 10
Hertz in order to avoid changes in coupling to the sense coil caused by
the metallic dewar that would disturb the measurement (Appendix I).
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d. Energy Losses in the Metallic Dewar

In order to find a range in which the losses in the superconducting
coil are larger than the losses in the dewar. it is necessary to miake a
sufficiert number of measurements over a broad enough range of parameters
to allow construction of a thcoretical model for the dewar losses. The
losses were measured as a function of frequency by three techniques:
(1) measure the resistance of the 7 kJ coil at series resonance using a
function generator in the circuit of Figure 89(a); (2) calculate the
effective resistaoce of the 7 kJ coil by observing the rate at which the
oscillations decay in a ringing experiment as in Figure 89(b) ; (3) use
the electronic loss measurement technique (loss loops) to measure the
energy loss per cycle during a ringing experiment as in Figure 89(c).

The data taken by measuring the resistance at series resonance were
obtained Ly forming a circuit consisting of the coil (inductor), a
capacitor, and a resistor; driving it with a function generator; and
observing the voltage across the series L-C components as in Figure
89(a). The resonant frequency is found by adjusting the frequency of the
function generator so as to produce a niini,,ium in thc observed voltage.
Given the rcsonant frequency for a given capacitor, the coil inductance
can be found; given the voltage drop at resonance and the current, the
loss resistance can be found. It is necessary to exercise care in
irterpreting this loss resistance because it includes the resistance of
the leads and the ohmic losses in the capacitor; these extraneous resistances
were typically less than 0.1 ohm.

The losses and the inductance determined by means of the ringing

experiment were obtained by charging a capacitor, switching it onto the
coil, and observing the oscillations in current as in Figure 89(b).
The current amplitude decays exponentially at a rate that depends on the

losses. The equations are:

I 1 I0 e-t/h sin (wt)

Where:

2L

2 1 1 2
C -T

Io V C
I0 SVTT

V the initial voltage on the capacitor

Clearly, an observation of the oscillation frequency and the decay time
constant of a ringing circuit will provide the desired measurements of
inductance and resistance.
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These measurements were ma.le at room temperature, at 77 K, and at
4.2 K, and the results are plotted in Figures 99, 100 and 101,
respectively. It is clear, especially from Figure 101 , that the dewar
losses vary with frequency in a simple way (power law) and hence it
should be possible to find a useful theoretical model to describe it.

A simple transformer model for the coupling between the 7 kJ coil
and the dewar is pictured in Figure 102 and the appropriate coupling
equations are worked out in Appendix VI. As is discussed in the
appendix, the dewar acts like a shorted single turn secondary winding
for the 7 kJ coil. At inwer frequencies (below 10 Hertz), the dewar
losses should appear as a resistance whose value varies as the square
of frequency. At higher frequencies (near 100 Hertz), the dewar losses
should appear as a resistance of constant value; the leveling off of
resistance is not observed because in this same frequency range, the
resistance in the dewar begins to increase with frequency due to skin
effect (i.e., induced currents flow in only a portion of the dewar
wall). An analysis of this effect is complicated and is not partic-
ularly useful here. Since we need to find a regime in which the dewar
losses are smaller than the losses in the 7 kJ coil, the data of
Figure 101 was used to obtain estimates of resistance, self-inductance,
and mutual inductance for the dewar which could be used in the impedance
function derived in the appendix. The estimated values are R = 0.5 x
10-' ohm, L = 0.56 pH, M = 70.7 pH. The predicted loss voltage
resulting from the dewar as a function of current and of frequency is
shown in Figure 103. An experimentally observed residual coil
resistance of 6 x 10-6 ohms is included in this figure.

The aim was to perform an experiment on the 7 kJ coil in which the
losses observed are predominantly in the coil. The loss voltage due
to the metallic dewar has already been estimated as a function of
frequency (Figure 103). The predicted loss voltage due to the super-
conductor (Appendix VII) is presented in Figure 104 as a function of
both frequency and current for sine waves. Note that both Figures
103 and 104 show 5% of the total loss voltage because it is this
quantity that is available to the integrator (the coupling ratio of the
senseC•1l 1 asout 0U05). It is desired that the coil loss voltage be
much larger than the dewar loss voltage, yet still have as large an
amplitude as possible to direct to the integrator. A comparison of
Figures 103 and 104 shows that these criteria are best followed at a
frequency of about 0.1 Hz and a current of 600 amps or greater. At this
point the predicted loss voltage is 6 millivolts, and the predicted
dewar voltage is 0.3 millivolts or less.

e. Electronic Loss Measuremients on the 7 kJ Coil

An experiment that fits the time scales specified above consists of
charging and discharging the 7 kJ coil with rise and toll times of 2 to
3 seconds by means of the arrangement shown in Figure 165 and measuring
the losses by the arrangement shown in Figure 83. Loss loops were
observed for charging times ranging from 0.5 seconds to 2.5 seconds,
which corresponds to a current range of 150 amps to 700 amps and an
energy range of 438 Joules to 9,050 Joules. A typical loss loop is
given in Figure 106. This loss loop departs from that expected only at
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the time of transition from charge to discharge, i.e., at the time the
vacuum interrupter is opened. The electrical noise generated by the
arcing in the vacuum interrupter causes the observed loop to show an
abrupt change (i.e., the "point" on the right side of the loop) instead
of the smoother transition expected. A series of filtering experiments
revealed that this effect did not change the area of the loop by more
than 10 percent. Because this error is of approximately the same
magnitude as the error introduced by the metallic dewar (5 percent) it
was not considered worthwhile to pursue tiis filtering problem further.

The energy dissipated in the coil during a charge-d'scharge cycle
was calculated from a set of loops similar to that of Figure 106. The
results of the electronic measurements are presented in Figure 107 along
with the helium boiloff data. From this presentation, it is clear that
the two measurement techniques produce similar results.

In Figure 107 it can be seen that at low currents the measured
losses tend to be significantly lower than those predicted for magnet-
ization losses only. This situation is to be expected because the
model used for the theoretical calculations assumed that the super-
conductor is fully penetrated whereas in fact only partial penetration
occurs at low current levels. The measured losses turn up sharply in
the neighborhood of 10 kilo1Joules stored energy because this operating
point is very close to the critical current for the coil; it is likely
that some parts of the coil go normal during the cycle, thus adding
transport current losses to the magnetization losses.

f. Summary and Conclusions

Loss measurements were made on the 7 kJ energy storage coil by the
boiloff method and the electronic method. The scatter in the ddta
obtained by the boiloff method was large and because of this no attempt
was made to develop a more sophisticated model (as was done for the
1 kJ coil results) to interpret the data. However, for the most part
the boiloff data'was not more than about 30% different from predicted
values. The electronic data covered the range of energies over which
boiloff measurements were made and extended to lower energies. The
electronic data was in reasonable agreement with the boiloff data where
overlap occurred. At lower energies the electronic loss data dpviated
(on the low side) from the predicted losses. This is so because the
model used for predicting losses overestimates losses for the reasons
previously described (see Section 111-5, Loss Measurements Made Using
the 1 kJ Coil). The theoretical model becomes worse the lower the
energies to which the coil is charged.

Thus, in spite of the perturbing effects of the metal dewar, good
enough agreement between losses measured by the two methods were
obtained to give confidence in the validity of the electronic measurement
techniques.
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7. LOSS MEASUREMENTS MADE USING THE 100 kJ COIL

a. Introduction

The object of this set of experiments was to determine the losses
in the coil as a function of current and frequency and to establish the
limits of operation in voltage and current. A mechanical description
of the coil has been given previously in this report. In order to
make possible an electronic loss measurement, a single layer, 65 turn,
7½ inch high sense coil was placed over the outer layer of the 100 kJ
coil; the voltage coupling ratio to this sense coil was observed to be
0.237. In the preliminary set of experiments described in Section
1ll-7-b, Preliminary Measurements below, it was determined that the
self inductances of the 100 kJ coil, of the sense coil, and the mutual
inductance between them did not change significantly over the range of
operating frequencies contemplated; hence it was shown to be feasible
to use the electronic technique for measuring losses. In Section
III-7-c, Electronic Loss Measurements on the 100 kJ Coil below, is
described a set of ringing tests during which losses were measured by
the loss loop method and cross checked by observing the decay rate of
the oscillating current (for operating regimes in which the coil losses
are much greater than losses in the leads).

b. Preliminary Measurements

In order to obtain reliable merasurements by the electronic method,
it is necessary that the self inductance of the storage coil and the
coupling (mutual inductance) between the storage coil and the sense
coil remain constant over the range of frequencies contemplated for
the experiments. The self inductance of the 100 kJ coil, the self
inductance of the sense coil, and the mutual inductance between them
were measured by resonance and by ringing (Figure 8 9 (a), (b)) as a
function of frequency at room temperature (Figures 108, 109 and 110 ),
at liquid nitrogen temperature, 77 K (Figures 111, 112 and 113 ) and
at liquid helium temperature, 4.2 K (Figures 114, 115 and !16). The
self inductance of the 100 kJ coil was found to be stable (52 milli-
henries) at all temperatures and at frequencies up to 10,000 Hertz
(Figures 108, 111, 114). The self inductance of the sense coil was
found to be stable (3.7-3.8 millihenries) at all temperatures and at
frequencies up to about 5,000 Hertz (Figures 109, 112, 115 ). The
mutual inductance was found to be stable (about 12 millihenries) at
frequencies up to about 2,000 to 3,000 Hertz at 77 K and 4.2 K
(Figures 113, 116 ). The difference between the room temperature mutual
inductance of 8 millihenries (Figure 110) and the two curves at lower
temperatures (12 millihenries) may have been caused by mechanical
shrinkage of the coil on exposure to low temperatures or by erroneous
measurements at room temprature. The measurements at lower temperatures,
especially at 4.2 K, were repeated several times with no observable
variations. The apparent increase in the mutual inductance at frequencies
above 10,000 Hertz is caused by capacitive coupling between the two
coils; the peak at about 20,00 Hertz is a resonance between the self
ind•CLance of the storage coil (52 mH) and the capaciLance between the
storage coil and the sense coil (about 0.01 1 F). The conclusion to
be drawn from this set of measurements is that the electronic loss
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measurement technique should be useable without difficulty at
freq'uencies up to at least 2,500 Hertz (and hence switching times as
short as 100 microseconds) because of the availability of the
non-conducting dewar.

Another preliminary test of tIhe 100 kJ coil consisted of measurhig
the coil losses by means of resonance (i.e., measure the resistance of
the coil at series resonance) and by observing the decay rate of the
rirging tests. These are the same techniques that were used to extract
the preliminary los,: curves for the 7 kJ coil (Figures 99, 100, 101
as was explained in Section 111-6-d, Energy Losses in the Metallic Dewar.
"This loss data, presented as an equivalent loss resistance, was obtairned
for the 100 kJ coil at room temperature (Figure 117 ), at liquid
nitrogen temperature, 77 K (Figure 118), and at iiquid helium
temperature, 4.2 K (Figure 119 ). No significant irequency dependence
of losses is observed at room temperaturE below a frequency of IUOO
Hertz (Figure 117 ). Without further measurements it is not possible to
tell whether the observed frequency dependence of losses at 77 K
(Figure 118) is caused predominately by lo%~s in the leads or oy losses
in the coil. The preliminary 1,0s5 curve for thy: 100 kJ coil at 4.2 K
(Figure 119) must consist of a sum of coil losses, and lead losses.
These preliminary curves serve only to givei a rough idea of what sort
of losses might be expected during actual experimental conditions;
because the effects of cu;rrent amplitude and frequency variation have
not yet been separated, no detailed coýcClusions can be drawn. It is
clear that there are no obvicus anomalous fluctuations in these energy
loss curves, such as were caused by the metallic dewar for the 7 kU) coil.

C. Electronic Less Mcasurevients on the 100 kJ Coil

The first majcr task undertalen was the measurenent of coil losses
at relatively low p;cwer levels by means -,f ringing experiments. These
were acccmplishece by charging a capacitor and switching it onto the
coil usinq either d spark gap or the vacuum interrupter (Figure 89(b))
and using the ele.ctronic tecLnique to measure losses. A typical loss
lonp (actually & nested set of loss loops) is shown in Figure 120. A
cross check on tKe electronic (loss loop) measurements vwas provided by
an observation of the rate of decay of the oscillating coil current
because, frr these low power measurements, the external (lead) losses
were less than one percent of the coil losses. The energy loss per
ha'f cycle wais obtained from the coil current waveform ty calculating
the change in energy associated with the change (decay) in current from
ont.v cycle to the next

_E= IL fi i7a2] 11-7-12 L_ max-1 Max-d I--

and then dividing by two in order to find the energy loss per half cycle
(one charge-discharge cycle). A summary of the loss data obtained by
all methods is given in Figures 121 and 122 ; in all cases the agree-
ment between the loss loop method and the current decay method is within
e:(perimertdl error. It should be noted that the losses measured when
tric ,parý gap was used as the switch were much higher than those measured
,hern the vacuum interrupter was used. It was found that the spark gap
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Switch Measurement Method
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produced voltage spikes on the coil which made accurate loss measurements
difficult to obtain (experimentally); the accurate measurements we did
succeed in obtaining (plotted in Figures 121 and 122 ) gave losses
which were much higher than those obtained when operating with the
vacuum breaker as a switch. (A possible explanation for this is given
in Section III-7-d, Summary and Interpretation.) Because of the
difficulty encountered in making measurements using the spark gap, most
of the data was obtained with the vacuum interrupter as the switch.

d. Sumnary and Interpretation

Since it was not possible, because of electrical circuit limi-
tations, to repetitively pulse the 100 kJ coil and make boiloff
measurements, loss measurements we;,e made by using the electronic device
which had been successfully used in evaluating the 7 kJ coil. Since
the 100 kJ coil dewar is non-conducting no complications arose
concer,•ing magnetic coupling with the dewar walls. It was therefore
possible to discharge capacitors into the coil and obtain hysteresis
loops over a range of frequencies and stored energies. At high
frequencies the energy losses due to resistive heating in the leads and
the external circuitry are small in comparison with the magnetization
losses in the coil so it was possible to cross check the losses
inferred from the hysteresis loops by observing the rate of decay of
current during ringing between the coil and the capacitor. Losses
were obtained by both of the above methods by using both a vacuum
breaker and a spark gap as the closing switch. While losses as
measured by hysteresis loops dnd rinyiny with a paiticular switch were
self consistent, the losses measured when the spark gap was used were
much higher than the losses measured when the vacuum breaker was used.
(An explanation for this initially apparent inconsistency is offered
later in this section.) The trend of the data taken using the vacuum
breaker was such that it was always less than the losses predicted for
magnetization effects. This is consistent with measurements made on
the 1 and 7 kJ coils and also with previously suggested reasons as to
why the theory predicting magnetization losses overestimate these losses.

There is insufficient data to draw firm conclusions concerr.ing the
mechanism of the losses occurring in the coil. However, based on the
data tdken the following argument is put forward as an interpretation of
the results. Figure 123 shows the same data as is shown in Figure 121
except that the trend lines have been drawn through data points repre-
senting losses taken at similar frequencies. On this basis the points
taken using the spark gap as a switch fall on a line drawn through
points taken at similar frequencies using the vacuum breaker as a
switch. The trend is such that at the same frequency losses increase
with increasing coil current (or coil stored energy) and that at the
same coil current (or coil stored energy) losses increase with
increasing frequency.

Consider the line through a number of points taken at constant
frequency; at low coil energies the measured loss is below that predicted
for magnetization alone and the lower the coil stored energy the greater
is the difference. The theoretical model as previously indicated
assumes full penetration of the conductor by the field. This is valid
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at higher fields but becomes less and less accurate as the field is

decreased, i.e., at lower currents. This is consistent with the data.

As the coil energy increases (again at constant frequency) the measured

losses tend to rise above the theoretical curve for magnetization loss

alone. This would indicate that parts of the coil are going normal

and that the measured loss contains a contribution from a transport
current loss.

Consider now a series of loss curves at different frequencies. It

can be seen that the higher the frequency then the lower is the coil

current at which the loss curves cross the theoretical magnetization
loss curve. In other words, on the basis of the hypothesis made above,

the transport current losses become significant at higher coil currents

as the frequency is decreased. In the limit at very long charge and

discharge times they would never become significant because none of the

conductor in the coil would go normal. This is because the slower the

charge time the lower is the power generation due to magnetization

losses and therefore the lower is the heat flux into the liquid helium.
As the charge time is decreased (increasing frequency) the conductor in

the high field regions generates more power than can •'e dissipated in

the helium on a steady state basis and goes normal. Further decreases

in charge time cause conductor in lower field regions to go normal.

Thus the shorter the charge time (the higher the frequency) the greater

is the proportion of conductor in the coil going normal.

The data points taken by the electrcnic technique on the 7 kJ coil

(scc Figure 107) were all. t-ake• n at the same fr-equency and these ponrits

follow a curve having a similar slope to the constant frequency loss

curves shown in Figure 123. The two coils were built using the same

conductor and a similar construction technique and so can be expected
to behave in a similar way. This data tends to reinforce the argument

outlined above concerning the interpretation of the 100 kJ coil data.

Thus the lO kJ coil loss data is strongly suggestive of the model

just de;zribed but as was indicated in the remarks prefacing the

argument the data upon which the argument was based is scanty. The

model can only be confirmed by testing further and obtaining more
extensive data.

8. MULTIPLE PULSE TESTS

a. Philosophy

In preparing for pulsed operation with a silperconducting coil, it
becomes clear very early that the reduction of tlr!y losses in the
coil due to magnetization and to eddy currents ,- of utmost importance.

In the design of a light weight system, the energy losses determine the
quantity of cryogen that is reouired for the performaice of a given
mission and hence determine the amount of weight that must be devoted

to the dewar. As has been previously determined (1, lP;), the cryogen
and the dewar represent the dominant weights of a typical system. The

energy losses also determine the practical limits of applicability of a
superconducting coil because of the requirement that the energy be
removed from the conductor rapidly enough to permit the coil to remain
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superconducting. A sizeable fraction of this report has been devoted
to the desigh. of a conductor (braided 4.5 mil wire) that would minimize
losses, and to the determination of a coil configuration that fulfills
the requirements for optimum cooling and for the ability to store
100 kU at a rather low magnetic field.

In the experiments to be discussed, an alternative procedure for
extracting a train of fast pulses from a stioerconducting energy storage
coil is explored. This procedure consists of using the coil as an
energy reservoir which is discharged slowly into a capacitor which must
store only enough energy for a single output pulse, discharging the
capacitor into the load at very high speeds and currents, then
repeating the cycle until the energy supply of the coil has been
exhausted. In this mode of operation, both the superconductina coil
and the capacitor are used to best advantage. The coil becomes a
compact reservoir of energy; the capacitor forms a very fast, high
power pulse whose rise time is no longer limited by coil losses or by
coil switching considerations. Because the coil is cycled slowly, eddy
current losses become negligible and magnetization losses are reduced,
thus permitting the design of a compact configuration that operates at
a higher magnetic field and employs a simplified conductor design.
Because the primary task of the coil in this arrangement is to charge
a capacitor, the switch design problem is much simplified because both
the required coil current and the rate of rise of coil voltage are
reduced. With this arrangement, it is also possible to produce output
pulses of almost any desi-ed sh-ape b ,cause the canacitnr can be
replaced by a pulse forming network.

The range of applicability fur this pulse forming technique has
not been evaluated for this report and should be the subject of a
separate study. The factors to be considered include a trade off between
the potential reductions in coil size and weight, quantity of cryogen,
and dewar size and weight, and the additional weight of the capacitors
required to form a single pulse. It must also be determined whether
it would be necessary to add a pulse transformer to the system to
match a load requiring extremely high voltages (several hundred kilo-
volts). Such a parametric study could be fairly lengthy and as a
consequence is not undertaken here; our present purpose is to enumerate
the more important factors to be considered in such a study.

During the course of the developmental program that is the princi-
pal topic of this report, we recognized an opportunity to test the
feasibility of the above described technique for extracting fast pulses
from an energy storage coil. The only significant technical problem to
be overcome is the realization of a closing switch for connecting the
capacitor, which stores sufficient energy for a single pulse, to tne
load. It is necessary that this switch fire reliably at a prescribed
voltage, that it carry at least a few tens of kiloamps, and that it
recover its blocking state rapidly enough to permit recharge of the
capacitor from the coil for the next pulse. As is explained in
Section b below, the particular coil and capacitors available to us
established that the switch recovery time must be no greater than 100

226



microseconds. We developed such a switch and extracted a string of
fast (250 microsecond) high energy (2.6 kQ) pulses from the 100 kJ
coil at a repetiticn rate of about 200 Hertz.

b. Design and Testing of Electric Circuit and of Switch for
Pulsed Operations

Having established that operation of the 100 kU coil at a power
level of 25 kJ and at moderate voltages (a few kilovolts) was smooth,
we tested the technique for producing a series of fast (250 microsecond)
high energy (2.6 kJ average) pulses at repetition rates as high as
200 Hertz. This technique consisted of forming a relaxation oscillator
using the 100 kJ coil as a current source, a capacitor (1125 1,F) to
store the energy for a single pulse, and a helium discharge switch of
our own design. A schematic of the electric circuit is given in
Figure 124, the basic circuit design is outlined in Appendix VIII, a
schematic of the helium switch is given in Figure 125, a photograph is
given in Figure 126, and the train of pulses obtained in shown in
Figure 127. The repetitiin rates and amplitudes of the pulses were as
predicted except for the iirst pulse.

The crucial item in this pulse forming experiment is the switch.
This must fire reliably at a preset voltage, switch currents of
15,000 amps or more, and recover its blocking ability in not more than
ten percent of the 2.4 millisecond interpuise time available (for the
first few pulses). In view of these requirements, helium gas was
selected because electrical breakdown occurs in helium at the desired
voltage (2,000 volts) at easily controllable electrode spacings (of
order one centimeter); carbon electrodes were selected to carry the
required currents. To minimize recovery time, the helium gas is passed
through the switch at a high velocity in order to physically remove the
ions from the vicinity of the electrodes. For this "helium blast" to
be effective in removing ions, it is necessary to halt ion production
by forcing the switch current to zero for a reasonable length of time
by means of a suitable arc quench circuit. The design of an appro-
priate arc quench circuit is outlined in Appendix IX and its position
in the overall circuit is shown in Figure 124. Because a pulse repe-
titior rate of 1,000 'Hertz was anticipa"-ed for I10n0 kJ in the coil),
it was assumed that the switch could be made to recover in 100 micro-
seconds or less; the arc quench circuit was designed accordingly. While
definitive measurements of the recovery time of this switch have not
been made, its successful operation in the circuit of Figure 124 shows
that the recovery time is less than 100 microseconds. The details of
a single pulse are shown in Figures 128 and 129; from these photographs
it can be seen that the arc quench circuit forces the switch current
to zero and that the switch recovers rapidly.

c. Suggested Future Work

Because the capabilities of the helium switch were not fully
evaluated, it is clear that one important task is to complete the
evaluation of this switch. In view of its simplicity, it would be
worthwhile to explore the operating characteristics of this switch
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with different gases in order to check various ranges of voltage and
of recovery speeds. It would be desirable to determine switch recovery
rate as a function of current density, total pulse energy, gas flow
velocity, and gas species. In addition, it would be useful to
evaluate a triggered version of this switch in order to obtain precise
control of the firing voltage. Finally, it would be of interest to
perform the parametric systems study outlined ir Section 1l1-8-a,
Philosophy, in order to establish the type of application for which
this pulse forming technique is best suited.
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APPENDIX I

PREDICTED LOSSES IN SUPERCONDUCTORS

The basic model used as a starting point for the analysis of losses in a
superconductor is a simple phenomenological model due to Bean (15, 16). This
model allows predictions to be made concerning the magnetic behavior of a
high field superconductor in terms of a single empirical parameter, the criti-
cal current density, Jc,

A superconductor cooled through the superconducting transition tempera-

ture with no current flowing through it in the absence of a magnetic field has
Jc zero everywhere. However, as soon as a magnetic field is applied (either
by applying a background field or by forcing a current through the wire), an
electric field E is generated according to the Maxwell relation VxE = 4.
This electric field induces a current flow in the superconductor. The criti-
cal state model assumes that any electric field E no matter how small causes
the critical current density Jc to flow in the direction of the E vector in
regions of the superconductor. In other words, the model assumes a non-linear
E, j relationship sucn that E is zero for current densities less than jý but
rises vertically at Jc with the E and j vectors parallel, as shown in Figure
130. The interaction between the electric field E and the critical current
density Jc gives a local powe" dissipation P = E.jc. The computation of the
energy losses therefore reduces to the problem of calculating the electric
field and the critical current density locally and then integrating suitably
over space and time.

To estimate the magnetization losses in a superconductor let us first
consider a layer of superconduct(.rs of rectangular shape as shown in Figure
131. The thickness of each is 2a and the length h. The analysis will be per-
formed for the situation where the magnetic field is parallel to the long
dimension h (i.e. parallel to the layer). This is the situation which would
exist near the median plane of a long solenoid or in a toroidal winding, and
is an approximation for other geometries.

First consider the situation when the layer of superconductors carrying
no transport current is el n •a uniform magnetic field. Wh en te field
is at zero no currents flow in the superconductor but as soon as the field
increases currents are induced in the superconductor in such a direction as to
shield the interior of the conductor from the applied field. This situation
is depicted in Figure 132.

The magnitude of the induced current density is (according to the criti-
cal state model) ic, and Jc is determined only by the local ambient field. We
make the simplifying assumption that the variation of B across the specimen
is small and can be characterized by the external applied field, Be. This is
a good approximaLion in situations on practical interest e.g. a small dia-
meter wire which is part of a coil consisting of many layers. In this case,
1) the contribution of the wire to the total field is small and 2) because of
its small diameter the conductor is fully penetrated for small differences
in field between the center of the wire and the outer diameter of the wire.
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Figure 130. Schematic Illustrating the Nlon-Linear Electric Field-Current
Density Characteristic of the Critical State Nodel of a Supercon-
ductor.
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As the external field rises, flux penetrates from the outside of the
wire, and the region occupied by the critical current density extends farther
and farther into the wire from the outside edge. The profile of flux density
in the wire is given by the Maxwell relation VxB = -1.oJC

Initially the critical currents occupy a region near the outside edge
but eventually as the applied field is increased more and more they extend
to the center of the wire. Until this point is reached the external flux is
completely shielded from the inside of the wire. However, after this point is
reached, the external field is incompletely shielded. In ract after this
point the shielded field becomes smaller and smaller because as the ambient
field is increased the magnitude of the critical current density decreases
(sLo Figure 133 which is a typical B -Jc curve for a superconductor). Even-
tually Zt the upper critical field Bc the critical current density is zero,
and the external field is not shielded at all. At this point no superelec-
trons are left to carry current and the specimen reverts to the normal state.
The sequence of events described in the above paragraph is depicted schemati-
cally in Figure 134. The upper half of the figure shows the profiles of flux
density and the lower half the regions occupied by the critical currents and
their magnitudes as the external field is increased from zero to the upper
critical field Bc. The reference numbers in this figure refer to thp points
shown on the B-jc curve in Figure 133. It should be noted tnat this model
ignores the fact that at fields below Hcl (the lower critical field) critical
currents flow on the surface of superconductor and no flux penetration occurs
(20). However, for niobium titanium, Hcl is of the order of a few hundred
gauss and tnerefore the model is valid for cases ot practical interest.

We will now derive an expression for the electric field as a function of

position in the superconductor using the Maxwell relationship

.xE = -B

Since we are considering a one-dimensional case, i.e., that of a slab of
superconductor with the applied field parallel to one face as shown i4r Fiqure
131 this reduces to

dE B
dx

We assume that the variation of field across the conductor is small and
that therefore each part of the superconductor is characterized by one value
of maqnetic field and to a first order the rate of cnange of magnetic field
can be considered constant aross the specimen. Then, integrating we obtain

[(x) -= Bx + C

where C is a constant.

The electric field vector, according to the critical state model, is
always parallel to the direction of tie critical current density. Since the
critical current density changes sig;: in crossing from one side of the super-
conductor to the other, the electric field must also change sign. The point
where it changes sign is therefore the line which separates reqions of criti-
cal currents flowing in opposite directions. This concept of an electric
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center along which the electric field is zero and across which no flux crosses
is a useful one and is treated in more detail by Walters (21).

In the situation uinder consideration here this electric center, where
E = O, occurs at the center of the wire (x = 0) for applied fields high enough
that full penetration has occurred. Therefore, the boundary condition is:

E = 0 at x =0

then,

C=

and

E(x) -Bx

Then, the local power dissipation at a position x in the specirien i3;

p(x) E (cx)j

p(x) .. p c

This expression could be integrated over the width of the specimen and
over time to give the energy dissipated in the specimen. However, this would
be of limited usefulness in a rractical situation since the case cornsidered so
far is one in whch no transport CL: rent 15 flowin- it has bee deal* with
at length only to serve as an introduction to the concept, involved and to
outline, using a simple model, the procedure used to arrive at the local pow.er
dissipation.

Since eventually Vwe intend to apply the results of the anaiysis to a coil
carrying a transport current, we must modify the analysis to include the
effects of a transport current on the distribution of critical current den-
sity, the distributiun of flux densty and en the position of the electric
center.

We shall now consider the situation in which the superconiuctor carries
a transport current in addition to being exposed to a background field. These
are the conditions to which i wire in a coil is exposed. Th2 presence of a
trarsport current creates a difference in field strength between one side of
the conductor and the rtner so that in contrast to the case Lreated above
th,; field strengths on each side of the vire are different. Flux still pene-
trates from each side of the wire and tnerefore shielding currents are set
up in a way similar to that previously dc,;cribed. The flux profiles -.re again
given by the Maxwell relatiolnslip Vx = and since we again assume that
the flux density within the conductor is characterized by the value of the
applied field, the rate ,f change of flux oensiLy with respect to distance
within the specimen is the same_ as that given, before. However, since now the
boundary conditions are different on each side of the wire (tue surface fields
are different), the point of winimnum field is no Inngier at the midplane of the
coil and the shielding currents arc ;o longer syietrical about the ridplan';
of the wire. Thus, the electric center is also shifted from the nridplane.
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Figure 135 s.hows the tl-jC: curve for a typical superconductor and also the load
line' (8-jt curve) for ý ortductor which is part of a coil. As the transport
current dens'ty jt is increased (points 1 to 5) the backqround field due to
the rest of the coil seen, by the sp-r~jipn increases (points 1 to 5) and the
critical current densi-ty (which is a -function of the ambient field only) de-
creases. A sequence of flu,( densil " and current density profiles correspond-
ing to the reterence nurroers ia Figure 135ý 's shown in Figure 136.

Initially (point 1), t~he- bakcknround field is zero and the transport cur-
rent is zero. There is no fil. iiference across the wire because of the
:'ýro transport current and the electric center is at the median plane. (Case
I of Figure 136 show,, a reve~rsi f-ielld in 0ihý superconductor, and a symetrical
crtical current distribution This is Me situptic.-ý that would erist if the

specimen hdd been cyclbýd zt' ero to a iiý I reverse Field and biack to zero
and iilustrbttes the hysi-eretic nature of the properties of supercond&,ctors.)

Case 2 (Fi.jures 135 eind 136) shuws the situatior. after some transport
current is passed through tne s~secim_-n. The La-ckgroun6ý field due to the rest
of the coil has riser. The trzensport cur-ent throi'gh the specimnen creltes
fields which add tn tne backgrc.uid ficlri on onc sil,- of the wire and suttract
from it on the othier side thereby givitrq a ret field diffprence across the
wire. Thc critical cu.rpen' density has decreise(4 from Case 1 because the
backyrourid field has risen. BecaEUSC ýn our rimplification the magne'.-Ic field
in the wi-e-e is assutined t3 zue characterized ýv theý va-lue of the exter'nal field
ti1e., LA3ir "<Bexternai), the absolutg va'aue c' the ,ritical current density
is constant across the wit e ano therefore the tiudul us of the 'Cte of chanqe
of field w-ith respect to dislt.aricc vOiIhin thce wir4e

dx'ý

is also constant each side of the wire. Thus 16,: olectri- center 41 is hfted
towards one side of the wit e. The critical current d~ensity pruiiie is now
such that more critical current is flowing in one d~rection than. in *A~e other.
The difference between these criticali currents is merely the net transport
c-.rre2ri. flowing. Also shown in Figure 133 is a represertattoni uf thie tran,-
port current density jt. T~i tr'ansport current density is- defined as the
transp-ort current divided by che area of cross-section at the w~irp and i-

rec' Esent ed a 11 -1ifig tlie ent ire d ree 0f C ross-sect )Iet Ur~ I for- 1a!- _
as eiplained aoove, the true current density distribution is as snoni tin ti-e
sketch-s representinq the critical current density. Hojwe~er. as t-,-ill hfcorie
apparent 'later in the exPosition, the transport current density so definei
a Wuseful concept.

As the transport. current is incredsed (points 3 and 4)1 of Figures 135
and 135, tne nagnitudps of the critical curre-nts decrease (becouseo o' the in-
creasing amuient fields), the electric center is furthet displacecinad tvhr
transport current density increases.

Eventually (point 5 of Figurcs '135 and 136) the electric c:enter r~a,-hes
the ,edge of the spt'citnen and th( critical currents flow only in uric direct~icr
(that cf the transport current). At. this point the magni tude of the tran-pc:rt
currený. density is equal to that of the critical current density. 1his is
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Figure 136. Schematic Showinq the Profiles of Flux Oensity, Current
Density and Electric Field Across a Slab of Superconductor
Carrying a Transport Current and Subjected to a Background
Field Proportional to the Transport Current. The numbers
refer to the positions showr, on the B - c curve in
Figure 135.
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the saturation current density. If attempts are made to increase the trans-
port current density beyond this point the specimen reverts to the normal
state.

We shall now quantify the above description with a view to calculating
the local power dissipation in a rectangular wire. Consider Figure 137. This
depicts a conductor (height h, width 2a) carrying a transport current It in a
background field B (Figure 137(a)). As explained above the transport current
creates a difference in flux density across the specimen (Figure 137(b)).
This creates an asymetry in the critical current density distribution (Figure
137(c)). The difference in the critical currents is equal to the net trans-
port current (It) flowing. Figure 137(d) shows the equivalent transport cur-
rent density jt defined as

it 2at

Figure 137(e) shows the electric field E across the specimen. Note that the
direction of the electric field is the same as that of the critical currents
and that the electric center is at the point (x = d) where the critical cur-
rents change sign.

We first calculate the position of the electric center. The relevant
Maxwell relationship in one-dimensional form is:

dB - -~

which when integrated gives

B(x) = -i jc + C I-1

In the region -a<x<d the critical current density is positive. Let this
critical current density be j+. At x = -a,B = B(-a) and substitution in equa-
tion 1-1 qives:

C B(-a) - +ja

-a<x<d B(x) = B(-a) - + ~ j(x+a) I-2

In the region d<x<a the critical current density is negative. Let this criti-
cal density be j-. At x = a,B = B(a) and substitution in equation J-.l gives

C =B(a) 4-10 ja

d<x<a B(x) = B(a) - IoJ (x-a) 1-3

At point d, the electric center, equations 1-2 and 1-3 must qive the
same value for B(d).

B(a)- ,jo (d-a) = B(-a)- u oJ (d+a)
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Figure 137. Model Used for Calculating the Local Power Dissipation [(x) in a
Rectangular Slab of Superconductor Carrying a Transport Current

Density. Also shown are the flux density. current density and
FA 2899 electric field profiles.
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and

B(-a) B(a) = pojc(d+a) - oJc(d-a)

= d(j+ - J-) + pa(j+ j-)
o c C 0 C c

but Jc -jc

B(a) - B(-a) = P o2dj c A-4
0 c

However B(a) - B(-a) is merely the difference in field AB between the two
sides of the wire and this difference is due to the transport current It. If
we define jt by the relationship:

it= 2ahj t (see Figure 137(a))

then
AB 0 2aj t

and from I 4 AB = 2djc+
o c

d= ajt
,-Jc

The electric center therefore is given by
Jt

x =d =a-
Jc

Now using the Maxwell relationship VxE -B in one-dimensio-2. form:

dE - -o
dx

and integrating:

E = -Bx + C 1-5

it
E = 0 at the electric center x = d =

ic

which when substituted into equation I - 5 gives

"itC = Ba.-.
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jt

and E = -B(x - -. a) 1-6
Jc

The local power dissipation per unit volume is given by:

P(X) = Ej (see Figure 137(f))
khdx c

In the region -a<x<d ji +

PLJ t .+

-B(x - a)jjX hdx ic- C

and the local power dissipation per unit length is given:

+ it
px = Bj h (x - -T a)dx.

The total power dissipated per unit length in the region -a<x<d is given:

J t

ha2B" I -L-. ~ (

x= -a
it

= -:jh'c 2 Jt2 J

2- .2+

._ ax.

Jc -a

2In2 t r x2 ala 2.2 a2 Jta a

- j rc 1Jc+ 2J +

lengh i gien:C C

2
-Bc ha 2 +2 2' -.4)

ic ic

B ~ h 2 .2t J
P(-a~d) - (-• + 2_-- + 1)

Jc Jc

In the region d<x<a Jc =ici and the local power dissipation per unit
length is given:



p(x) - jh(x - dx
2

The total power dissipated per unit length in the region d<x<a is given:

- t(d-a)= -Bj h (x - a)dx-f Jt +:

Jc

= -B j-h x t.2 ax

Jc Jt

Jc
t Baj h a]

a 2 +tQ ) -+ 2 +2

22
(2ja I2 2 j

-Bj• 2 (10 t _ -j+2
cc c

SBJ j-ha2  (.2 2jP (d~a) = _ 2i t 1

2 ( .-2 - -+ 1)
Jc c

J '+
but =-Jc

C Cn

+ 2 .2

B jha Jt 2-Jt +t I) l

2 =.2 + - +
2 +

The total power dissipated per unit length is given by:

P (-a-a) = P (-a-d) + - (d~a)

=Bj +h a 2 23i .2 2
2 * + - 1) + t -t+1

2_ +2 + + 2- - +

c c 'c 'C
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+ 2 2
Bj ha 2jt

C t+2
2 +2

.2P_(-•_ " + 2 jt
S= Bj +a (+ L-.2-)h
+ 22

SC

The average power per unit volume over the cross section of the wire is
given:

a~+ .t
P P_-a-a) a (I +V/ ih2a -2 (

average J

or written in terms of the diameter of the wire w = 2a

+ .2
wBj Jt

average 4 +2

Thus the power dissipation per unit volume is proportinnal to the diame-
ter of the wire, to the instantaneous value of the rate of change of applied
field and to the instantaneous value of the critical current density which is
determined by the instantaneous local field B. The maximum value of the ratio
of transport current density to critical current density

is 1. Therefore the effect of transport current is to in~crease the losses by
a factor of between 1 and 2.

ef•ofe proceeding to .lc.ulate the eneryy losses over a cyce in a coii
we will refine the formula for instantaneous power loss by considering the
cdse of a round wire as opposed to a rectangular wire.

Figure 138 illustrates the model which is a round wire of radius "a." We
will use the formula just derived for the average power per unit length for a
rectangular wire of dimensions 2a by h and apply it to the volume element
2xhQ shown shaded in Figure 138. The average power dissipated per unit length
for this element is therefore:

P j2

(h, -x-x) = Bj 2 (I + )dh
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and the average power dissipated per unit length ever the whole of the circu-
lar cross section is:

(1 2
= x dh

I4 :ross section J -a

where k Bj (+ +
c +

but x 2 + h2  a 2

co s kj (a 2 
- h2)dh

P- cross section f = -a

=k[a?~h -h3

-a

k a - ) - (-a

43

4.a 3k
-Y -r

and the average power per unit volume of superconductor is given

P _ 4a3k

V average V 3

kV 3 .2
4 + i.3 ' aB (l +

3, c

or written in terms of the wire diameter w 2a

.2
P I vea 2 + + JtV 3" wbc

average 3C
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Comparing this with the expression for a tvctangular wire of width w (equa-
tion 1-7) we see that the ratio of the geometry factors is:

2 = 0.849

It should be noted that, in contrast to the formula for the rectangular
wire (1-7), because of the circular symetry of the round wire this formula
(1-6) can be used for conductor occupying any position in a coil; the limita-
tion of field parallel to one face no longer applies.

We are now in a position to calculate the energy loss in a magnet which
is exposed to a transient field. Consider Figure 139. This shows a typical
B - Jc curve for a superconductor and a linear approximation to it in the
region over which the coil operates. The linear approximation is defined by
the 'intersections of the straight line with the current density and flux den-
sity axes, defined as Jco and Bo respectively. Also shown is the load line
(transport cur;-,it density jt versus flux density B) for conductor at a gen-
eral point within the coil. This load line is defined by JM which is the
vximur- transport current density in the coil during a charge/discharge cycle,
and B., which is the flux density seer by the conductor at the moment of maxi-
hi4:-s current density. The critical current density which corresponds to the
mtrriu- flu' density is defined as jcmr Furthermore we assume that the coil
is cnarqLe to its mi'mu- Current density in time Tl-

Fror I-8 w•- 'ae

0

Tne load line is
JM

t B B
m

The linear rate of change of field gives

B
B = -_T

Combining the above equations we obtain:

B2w gm B ) B 2 1

V 3- --T ~CO~ B) + jMB
V -- ": T Jco( B° 2- B2 (1 - .B?)

"2 co [I6
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inear approximation to the B j curve
c0 or a superconductor

c -- i- c

Lt

i-actual B- j curve
I for a superconductor

itl•Ž7 ___,

IB' ----I ...----- ;
B U B B

m ~0C

Figure 139. S(chematic Illustrating tho Model Used to Calculatu the
[Eergy Loss in a Coil Carryirq a Trarspcrt Current.
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Normalizing this equati)Fi Ilius:

Sbm J 1

"6° ' B° m' 1 c

we obtain

... ... 2v1 *L Bil, i
B BA) 1+

V cc , 0 2 B i 04 6*

Let3-,coo k B

then

P B *L2*

k -k 1(I- B*) 1+ 2

B* 4 k 2 B*-.-L
-V k "~ - +ý !-

(l - B*)

The energy per unit volume dissipated at this point in the coil in going
f rom B =0 to B =Bm is given:

m 13*Wm 1-

B= 0

but

B dt

"V '- r , V d[,

V' L



or in normali zed form:
B.J) /Bo 0-_

ET 1  P d('-
B/_ai' 1 0 (BB
B/0 0 V

0

E T I

_V 9' f* V dB*

m -,

Therefore fr-um J-9

. IT) k2 B*i
=1 B* + -- dBI

V " (1 - B*)2

E = [B* 2 k2  B* + -2 + In(l - B*)) -

k1 ~ B * *__: - 2 [13 + 2 -+IU-Bj --- 1-10
V/ k m 2 2[m -2- PI

Thus the energy per unit volume dissipated in a region of the coil cycled from
zero field to a maximum field B is:m B

3' cconj 1  2B .2 B 2 2B .n(l -jj ..
3 I ¶i- M_ 0 m +co

2_0 )Ill 230 j

Note that this is independent of the charge time T1; this same energy loss
will be incurred whatever the rate of change of flux density.

We will now proceed to calculate the total energy dissipated in a coil
subjected to a cycle from zero transport current density to a maximumi current
density JM" A coil is made up of an infinite number of points such as the one
for which the above derivation was performed and to accurately predict tne
loss for the coil as a whole we must have a knowledge of how the field varies
Throughout the coil volume.

In practice this is achieved by carrying out a field plot within the
wind ings of thie coil in question. We cani t hrn calcuilate the fctinof thel

2F9
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volume of the coil which lies between conductor exposed to two maximum fields
Bml and Bm2 when the coil is carrying its maximum t-ansport current density
JM. If we further assume that within this range the maximum field Bm varies
linearly along the length of the conductor we can derive an expression for the
average energy loss per unit volume of the conductor within that field range.
Thus we have for a length of wire (L) having a distribution of maximum field

Bm = Bml at ý = 0

Bm = Bm2 at k = L

Bl = Bml + (B - ml

or in normalized form where
B

B*- =
m Bo L

B* = B* + (B* - B* )Q*
m ml M2 Pml

The average energy dissipated per unit volume for conductor in the region

= 0 to L is:

L

V average L V

z=0
1

SdZ*
-- 0

but
dB*

dZ* m
(BF* - 8*

in2 ml

and 0t Bzm B n ,
I. B*m B2*111* 1=8

Iaverage l* = 8* r2 l

2i nil

Substituting from equatior, I-10 gives:
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• B* B2 B
E 2w mc° 8 m 0m2m B* 2

average 3 B*2 -B* ] - 2 dB*

B* m

2w j B
or letting k 2w -m 0

Bm2 B*2  rn l.' J
Ei = B* m .2 1 1 nB*

av --- 2- - B 2 + dB*

E 3 m _j2 m I~ n!B) m
I average -B

mlm[6*2*
[3 B*3  (1-B*) m12

aE rage*= k3  [ 2 m B- n(lB) m
V average 6 2I

E3 =.33Bm - Bn) -(B*,

-f - -n j *2 -C-m In -O

n average i t2 t eI

262

m2 -B* ~ JBml - .. 11

2 2 3 3l

3, B* B( ) B *' )
E m'rr2 ml] m2 - l •co(n12 -'

Inapatclsta int i average e3rg 6e 2ntvlm smli
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It happens in rany real situations that. the distribution of field through
the whole of the windings is quite linear with respect to position along the
length of the condL'ctor. In other words, if L is the total length of conduc-
tor in the cuil and BM is the field at the peak field position of the coil at
the moment of maximnum transport current density j M then:

B B
nli L M

In this case equation 1-12 can be simplified to:

[B B 1
2 2 0( - -Iln(1 - M)

.1 11' B,~cB
2w m N~ - 0-- _______

I average 1M 6Bo • 2'-- -O2 J Movercoil" "Jo5 Bo

This formula is simple to use and is more than adequate for obtaining an
estimate of the losses incurred in most coils. In this formula ico and Bo are
properties of thri superconducting material used, w is a property of the wire,
and BM and JM are properties of the coil.
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APPENDIX II

DERIVATION OF RELATIONSHIP BETWEEN HYSTERESIS LOOP

AND LOSS DURING CYCLE

The voltage which appears across the coil terminals consists of an
inductive component associated with the rate of change of field in the energy
storage coil and dissipative component associated with the loss mechanism.

di
If VL = inductive component = L di

VR = dissipative component

VC = VL + VR = total voltage measured across coil terminals

A fraction f of the termial voltage is tapped from a voltage divider
R placed across the terminals and from this fraction fVC is subtracted a

voltage M d- produced by the mutual inductance between an auxiliary coil
and a currAt lead. The resulting voltage is fed to the input of an
integrator,

- di -
Thus input voltage to integrator = fVC - dt

= fVR + fV, - M UL
R L dL

=fVR + (fL - M)d-L1
R dt

By suitably adjusting f and M, fL-M can be made as small as is
cdesirable. It should be noted that (as the following analysis will show) it
is not essential for the method to be valid that fL-M be made exactly zero.
Making it small merely allows the range over which the integrator must work
to be greatly reduced.

The output from the integrator is:

t

+ (fL - M) di dt

where i is the time constant of tne integrator.

This signal is fed to the Y axis of an X-Y plotter. In reality because
of the rapid discharge times this will be an oscilloscope. A voltage pro-
portional to the current through the ccil is fed to the X axis. This signal
is derived from the non-inductive shunt described in the text of this report
ar:d in Appendix IV.
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The combination of signal; produces a hysteresis loop whose area is
given:

i t

Ji ~{[fVL + (fL. -_) di] dt di

0 0

A J j -y-L dt di + ____ d d di

0 0

i t i t

A d j t di + (fL-M) f di

o o0 C

0 00 0

att=0 i=0

t-=t i= i

i t i i

dt di 4- (fL-M) J' f di di

A-T f f VL
0 0 0 i=0

i t
V dtý d i + (f'--) jf i di

- T

A =>~ ~ Ldt d i +(f-3
0 0

t

let f VI dt = x
0

VLdt = dx
i

A xdi 4 (fL-M) i
i226
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integrate by parts

S,(fL-M) i 2

A~ xi- jidx~i =o • j t

00i f (fL-M) fV
A VLdt - i VLdt

0 0

ti fi) i
A - VL dt + 21-M i V Ldt

If we take cycle i = 0 to imax to i = 0

t =0 to t = tcycle

r.1 . LF f .
then, ter1,115 [ arit' N = 0 ond A cycle 1 ] L (t1

- f (Pd -fL
but i V is power loss = P and Ac P dt - Le

LAcycle 'T-L Cycle

where Ecycle is the energy dissipated in a cycle. Thus E A

wher eE cycle Cy2e
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APPENDIX 
III

EFFECT OF PHASL S11111 AND DRIFT VOLTAGE ON LOSS LOOP MEASUREMENT

We measure the losses by taking:

EA ~ ]dlfd t (fV - Lm

where:

A is the apparent energy described by the loss loop

I is the integrator time constart

fJI means to calculate the area inside the loss loop

f is the divider fi action

Lin is the mutual inductance to the sense coil

V and I are voltage and current, respectivelb.

1o; the sake (f simpi i, it.1 , we usc sinusoIdal quantities:

S= locCOS (it

V = Ri + L(di

dt

= 10[R cos wt - wt. sin Lot]

where:

R represents the superconlduLtOr luss at a g ive;i cuirent and If equerny

L is the self inductance of the coil

Assuming the existence of a DL error volt.age, v, and a phise shift eilor,
€, it is possible to write:

A ,I J d f (V - Limd v" ) )

error t
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+.fdi )dI coscL sinwt - bc cos wt]

+ sinp[a cos ct + bw sinwt + VWt f-

where:

A = fR

b = Lm -fL

The observed energy is calculated by noting that

dl = -Io w sin ct dt

and integrating over a complete cycle. The result of this calculation is:

EA = 1 IL RY cosý - 2v + Io wLm-ri sin1Q!)

Typical Values for Actual System:

Loss Voltage (tRIo): lmv or greater

DC Error Voltage (v): 30 microvolts or less

Phase shift, $: less than lO-- radian

Resolution of Null Circuit: less than I part in 10'
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APPENDIX IV

NON-INDUCTIVE CURRENT SHUNT

For the electronic loss measurement technique to work properly, the coil
current must be monitored accurately. A current shunt essentially is a
resistor whose current is accurately known so that when the voltage developed
across it is measured the current may be calculated. As long as the voltage
measured is due only to the resistance of the shunt an accurate reading of
the current nay be obtained. However, strictly the voltage measured across
the shunt is due to the sum of a voltage due to the shunt resistance and a
voltage due to the shunt inductance. The former is proportional to the
current and the latter is proportional to the rate of change of current. As
long as the rate of change of current is small the inductive component of
voltage will be small and the measured voltage will be due only to the
resistance of the shurt. This situation occurs at long discharge times.
However at short disci-arge times unless special precautions are taken the
inductive component becomes large and erroneous readings of current are
obtai _d. Therefore a shunt must be designed in which the inductance is low
enough so that at the shortest discharge times likely to be encountered,
the inductive component of voltage is small compared with the resistive
component of voltage. This is achieved by designing a shurnt which consists
of two concentric cylinders as shown schematically in Figure 80. The current
flows down one cylinder a.nd back 'p the Other one. The cylinders are made
so that they are as close together as is practicaily possible. In this way

the current paths are as close together as possible but in opposite
directions. The magnetic fields due to each therefore almost cancel and the
inductance is much reduced.

Othier considerations also enter into the design. The above coaxial
arrangement takes care of the inductive problems but cl:arges !n resistance
during a cycle must also be eliminated. These changes are die to two effects.
Firstly, there may be a resistance change due to a temperature rise caused
by ohmic heating and secondly at fast discharge times the resistance may
change due to a skin effect.

The former ,ay be eliminated by making the shunt sufficiently massive
so that changes in temperature are small and have a negligible effect on the
resistivity of the material.

The latter must be eliminated by suitably sizing the thickness of the
coaxial cylinders. The skin effect is caused by a rapidly changing magnetic
field causing an induced voltage which alters the current distriL-tion in
the cylinders. Under conditions of fast discharge the current tends to flow
preferentially in the outer layers of the cylinder. The faster rhe discharge
the more current "crowds" to the outside of the cylinders. This means that
the me'erial or the inside is not available for carrying current and therefore
the resistance of the cylinders increases. Calculations indicated that at
the discharge times to be encountered a wall thickness of 0.12 inch would be
thin enough to eliminate any problems due to the skin effect. Table XXIII is
a summary of the results of the analysis carried out to design the shunt.
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APPENDIX V

HIGH RESOLUTION VOLTAGE DIVIDER

The primary specification for the voltage divider is high resolution.
This requirement is met by means of the two-stage design shown in Figure
81. Because the divider fraction must match the voltage ratio between the
energy storage coil and i sense coil (in this case a secondary winding placed
around the storage coil), it is sufficient to measure this ratio to one
percent accuracy and set up a resistor string such that the difference in
divider fraction across the terminals of a single resistor brackets the
measured coupling ratio to the sense coil. In other words, the divider
fraction can be adjusted to within one percent of the desired value by making
one straightforward measurement and constructing a string of discrete
resistors accordingly. If a ten turn potentiometer, which has a resolution
of 1 part in 1,000, is placed across the terminals of tne specified resistor
(as in Figure 81), then the total resolution available in the divider
fraction is one part in 10'.

The other -equirements that must be fulfilled by the voltage divider,
are: (1) ability to withstand 60 kV without arcing, (2) the resistance must
be high enough that the components do not suffer excessive heating during a
high voltage pulke, and (3) the resistance must be low enough to preclude
disturbance of the divider ratio by connection of an integrator with
realistic input impedance (300k ohms in our case). The first condition led
to the selection of a string of about 60 two-watt resistors (each capable
of supporting 1,0(0 volts) which is mounted on a sheet of plastic (18" x 20");
the terminals of this resistor string are separated by approximately 15
inches. The best compromise between the second and third conditions led to
the selection of an overall resistance for the divider of about 60,000 ohms.
Thisu is five times smaller than the input impedance of the integrator; a
practical upper limit on the input impedance of the integrator is set by the
drift requirements as will be discussed later. The heating of this resistor
string can be checked by noting that the energy dissipated in the divider
string, Es, is given by:

Es = LIc C)d V-1

where L is the coii inductance, I is the coil current, R is resistance of
the divider, and R, is the load r4sistance For the coil a~d is specified by:

1 - Vmax V-2
With the help of equation V-2, the expresssion for energy lost in the
divider string can be converted to the form:

V
Es (2 LIC) V-3

from which it is clear that the worst case 'greatect loss) occurs for the
highest values of Vmax (60,000 voits) and of I (C ,000 aiy•) for which R
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is 30 ohms. If the coil is charged to its rated energy (0ij kilojoules), the
energy dissipated ir the divider is given by equation V-i:

Es = (100,000)(30/60,000) = 50 Joules

which is about one joule per resistor. Under these conditions, the maximum
increase in divider temperature is only one or two kelvins, a negligible
amount.

A
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APPENDIX VI

ELECTRIC CIRCUIT MODEL FOR DEWAR LOSSES

The dewar is regarded as a one-turn secondary winding of a transformer
whose primary is the 7 kJ coil, as shown in the scheiriatic of Figure 102. In
this diagran, R2 is the resistance of the dewar, L2 is the self-inductance of
the dewar, L1 is the self-inductance of the primary, RI is the resistance of
the primary, and M is the mutual inductance between the primary and secondary.
ihe approprlate loop equations are:

di 2  diI(I) V R ilI - Kdt - + Ll dt

eli2 di1
(2) 0 = L -- !- M - + i R

2 dt dt 2?2

For sine waves these become:

(1) V = iIR 1  - Mj. i2 + j..LIi 1

(2) 0 = L2 j".i 2 - Mjj.,L1 + i 2 R2

These can be solved for the input impedance:

Z - R + - -'M2  + j. L- L2 R) +'
2 2) 1 R2  2)71Y

where: R1  6 x lO- ohms (measured)

R2  0.5 x lO- ohms (calculateG and inferred from Figure 101)

M 70.7 t'H (estimated by dividing M to sense coil by 33)

L2  0.56 0H, (estimated from L of the sense coil and calculated)
1 37 mH (measured)

For frequencies below about 10 Hertz, the resistive part of this becomes:

Z R + R2t-" 6 x l0- + 3.95 x 10-f:
I R2
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APPENDIX VII

PREDICTED LOSS VOLTAGE FOR THE 7 kJ COIL DAE TO 1AGNITIZATIM LOSSES

Figure i04 (predicted coil loss voltage) was prepared frc- an expression
derived earlier in this report which is:

- , w B o I d 'a o- , I ---
4 4-f 4)I 4 LI -- t1 dti co ) s'8o-M-/

BO'M)

where, for the 7 kU coil, the pwrameteis are:

Icc= 2000 A B 0 defines short sample characteristics

80 = 7.36 Wb/mi Ico of the mateiial

w = 7.37 x 10-5m dianeter of the Nb-Ti cure

Lc = 2.96 x lOm length of conductor in the coil

IM = 1000A
W- defines coil load line

Bm 3.99 Wbvj

f = 0.05 (r!.sistive divider fraction)

it = coil current (a,nps), operating current

!½.o-e the expression for the 7 kJ coil 's:

V = -17.8 x 106i 0.608 1- dlt

- T " -I 0.54? x l-T 0- " dt

This is plotted for sine wavus, for which

dIt I

dt t
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APPENDIX VIII

DESIGN OF RELAXATION OSCILLATOR TG PROrUCE A SERIES OF

PULSES FROM AN ENERGY STORAGE COIL.

I i .12 -
Initial Erergy in Coil: E = L i =1T

Ener). in One Small Pulse: Ep = 2 cV V = c _

Charge on Capacitur: Q = it = CV i = charging time for first pulse

i wr specify E a..d F, ve get:
pE

T LC

E

If we also specify L and C, then T is given as above.

EXAMPLE: L = 51.5 mH, C = 1, 125 L.F, E = 25 kJ or 100 kW, Ep 2.6 kJ

(a) T = 2.4 ms (25 W), 1.2 ms (100 kJ)

(t.) V = 2,100 volts

(c) i = 985 A (25 kJ), 1,950 A (100 kJ)
2E

If we specify V instead of C, we get C v-7 hence"

L = E tV-p2
p

EXAMPLE: i = 0.02 s, V ý 2,000 volts, E = 100 kJ, E = kJ

(a) L = 20 H

(b) C = 1,000 uF

(c) i = 100 A

Note that the decay of coil current with time has not been considered, hence
the time between pulses, T, is correct only for the first few pulses. In
practice, the time between pulses will increase as coil current decays.
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APPENDIX IX

DESIGN OF ARC QUENCH CIRCUIT FOx !ZL:UM SWITCH

REQUI REMENTS:

(a) Negative peak in arc quench circuit current occurs at time ; to
shut off the s~jitch current. This happens after 3/4 cycle.

(6) Pedk current of arc quench circuit is greater than the swithc
current at time T.

(c) Time for current zero (abo-it 1/4 cycle of arc quench circuit) must
be greater than recovery time for switch.

(d) Initial voltage on the arc quench capacitor is the switch firing
voltage, V.

(e) Arc quench capaLitor nrdst recharge properly between shots, hence
ringing must damp out rapidly through the load resistance.

EQUATIONS:

Condition (a) demands: Toff = 2 (1)

Conditions (b) arid (d) demand: V/I -> -L/C (2)

Condition (c) demands: 27 LC • 4 Trecovery (3)

Condition (e) demands: IV;C 2RLoad (4)

EXAMPLE: Choose Toff = 300 jis, V 1800 volts, I0 : 3600 A

(Coil current plus residual discharge current from large capacitor).

EQUAl IONS (I) and (2) completely specify L and C:

L = (2/3T,') (V/I 0 ) ½off = 31.8 pH

C = (2/3p) toff (Io/V) = 127 viF

These values will be effective if- - recovery 'u 100 lis (recovery of switch)

and RLoad ' - L/C = 0.25 Q

In addition, we need the time between pulses to be long enough for 3 or 4 arc
quench oscillations to take place -- we have at least enough time for 3
oscillations. Actual circuit used in shown in Figure 124.
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