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Abstract

Experimenta) data are presented in support of the
hypothesis that a DC superconducting magnet cofl does
not behave ttrictly as an inductor, but as a compli-
cated electrodynamic device capable of supporting ele--
tromagnetic waves. Travel times of nanosecond pulses
and evidence of sinusofda) standing waves have been
observed on a prototype four-layer solenoidal coil at
room temperature. Ringing observed during switching
transients ap?nrs as a sequence of multiply reflec-
ted square pulses whose durations are related to the
layer lengths. With sinusoidal excitation of the
coll, the voltage amplitude between a pair of points
on the coil exhibits maxima at those frequencies such
that the distance between these points is an odd mul-
tiple of half wavelength in free space. The voitage
amplitude at the lowest order maximum is times
that of the input voltage. Such behavior ypical
of wave propagation and agrees with a preliminary
analysis based on waveguide theory. The above find-
ings have direct bearing on coil protection in 1ight
of experimental evidence of interlayer voltage break-
down. One common scheme of protecting superconducting
magnets against excessive ohmic heating due to quenches
is to disconnect the power supply according to a pre-
scribed threshold terminal voltage, while a resistor
is shunted across the coil to limit the reverse vol-
tage induced by collapse of tie magnetic field. This
scheme, however, 1s founded on the circuit theory of
inductors and as such ignores the spatia) uictribution
of voltages and currents, a problem which Yies in the
realm of electrodynamic field theory. Our evidence
indicates that any disturbance, such as that resulting
from switching or sudden fault, fnitiates multiple re-
flections (electromagnetic wave instabilities) be-
tween layers, thus raising the possibil'ty for suffi-
ciently high voltages to cause breakdown, Such events
occur during the first few microseconds of the normal
exponential decay whose duration can be of the order
of seconds.

1. introduction

Protection of superconducting coils against
damage 1s a problem of major concern to designers of
\[ superconducting magnets (SCM), such as might be
emplaoyed in thermonuclear fusion and u?mtohydrody-
namic generators. Excessive ohmic heating due to
sudden quenches potentially can damage the cryogenic
system as well as the superconductor 1teelf.  Ta pro-
tect the magnet *using a quench or a fault, one con-
ventional schemel:¢ {s to disconnect the power supply
at a threshold terminal voltage. Since the subsequent
tollapse of the magnetic field can iniuce transient
Mgh voltages, a 1imiting resist . 1s shunted across

the coil. Theoretically, this resistor should diminish

*Research supported by NASA (Office of Aeronautics and
Space Technology and conducted at the NASA Lewis Re-
search Center during the summer of 1977.

the rate of collapse, as well as dissipate the stored
magnetic energy. Despite such & protective measure,
evidence of dielectric breakdown has been observed
upon disassembling a superconducting solenofd at NASA
Lewis Research Center. Conventional circuit analysis,
using an inductor representatfon of this cofl and the
appropriste value of the protection resistor, predicts
voltaces insufficient to cause the observed dielectric
breakdown, The need for a different aporoach, there-
fore, became apparent,

The problem with the conventional scheme is that
it 13 founded on the assumption that a large coil
responds as & set of two terminal lumped inductors en-
countered in circuft theory, As such, circuit theory
deals with terminal relations, and does not frclude the
spatfal distribution of voltages and currents, which
properly falls in the realm of electrodynamic field
theory. In the circuit theoretic viewpoint, all events
occur simultaneously, or in phase, at all points along
the cofl. Vet, from a field theoretic standpoint, a
resfstor placad st the terminals of a coll serves
merely as a boundary constraint, but the timing of volt-
ages may differ from point to point, and their magni-
tudes within the coil might even exceed that of the
terminal voltage.

This o ar presents experimenta’ 4ata, together
with a preliminary theoretical analysis, in support of
the hypothesis that a large superconducting coil does
not behave ac a simple inductor, but as a complicated
electrodynanic device capable of supporting propagating
electromagnetic waves. This represents a first attempt
at a field theoretic approach to the problem of pro-
tecting suverconducting cofls. The results are pre-
1iminary in nature, and indicate that the key to de-
vising protective methods and analytical models might
e in an understanding of the electrodynamics of the
coil as a wave-guiding structure,

The firsl attempts of an experimental test of the
hypothesis were made on one of the superconducting
solenoids of the NASA E__porcanductinq Magnetic Mirror
Apparatus (50MMR)3.4, Confirmation of the existence of
a multiplicity of resonances on this magnet, operated
at bo*h LHe and room temperatures, motivated further
exploration of the phenomena on a four-layer prototype
cofl at room temperature, whose chofce was dictated by
the need for flexibility. For macroscapic fields, the
primary difference betwee) the two coils is the signi-
ficantly lower wave attenuation (damping) in the super-
conducting one, & circumstance which enhances scme of
the effects observed in the normal prototype cofl. The
experimental data on this coil are presented in Section
Hi followed by a theoretical interpretation in Section

11. Experimental Results

A photograph of the prototype coil, mluring 12"
in diameter and 12" in axial length, 1s shown in Fig

1. It is composed of four solenoidal layers each uith
135 turns of Tormvar-insulated copper-clad Nb-T1 wire,



This layer-wound cofl was constructed of the same wire
and used the save layer-to-iayer spacing as the pre-
viously tested SUMMA coil. The length, L, of the wire
in the four spiral layers it approximately 525 meters.
As 1t will become evident, this length plays an impor-
tant role in the dynamic behavior of the coil.

As in the SUMMA superconducting cofls, each pair
of layers in the four-layer coil exhibits one reso-
nance (where input current is minimum) at low freg-
uvencies (< 25 kMz) in addition to high-frequency res-
onances periodically spaced in the frequency domain.
This low-frequency resonance does not correlate well
with the frequencies calculated by circuit theory
using the measured interlayer capacitances and layer
‘nductances. However, placement f an aluminum foil
sheet within the coil bore at the inner circumference
of the cofl (to simulate a mandrel) did shift the res-
onance from 13,7 kHz to 22.5 kHz as one might expect
qualitatively from circurt theory. Yet this simulated
mandrel had no effect on the high-frequency behavior
of the coil. Further, the low-frequency resonance
bears no discernible ela*ion to the high-frequency
behavior of the cofl ur switching transients.
Under such transients the low-frequency resonance was
successfully suppressed by the addition of a damping
resistor shunted across the coil terminals, However,
this resistor did not eliminate the high-frequency
ringing. Thus from the standpoint of coil protection,
the low frequency phenomena do not pose serfous prob-
lems. Excessively high interlayer voltages appear to
be the result of high frequency traveling waves.

1. Standing Wave Resonance

The voltage Vy, between the junctions of paired
layers, cnrrespond*ng to distances L/4 and 3L/4 along
the coil, were measured in the circuit configuration
shown in Fig. 2a, with sine wave excitation, The os-
cilloscope trace in Fig. 2b was obtained by electronic
sweep of the frequency between 0.1 and 10 MHz, while
the grapn in Fig, 2c was obtained manually. The amp-
litude of Ivlzl at the first peak is 3.8 times that of
the input terminal voltage. This 1s a significant
datum because it clearly shows that voltages within
the coil can exceed 1ts terminal voltage.

The spacing between maxima and minima in Fig. 2c
appears to be related to the racio of the coil length,
L, to the free-space wavelength, i, of the input sig-
nal. The maxima of i\q | occur at *hose frequencies
when the distance L/2, Eetween the sampled junctions
is 0,522, 1.6), 2.B80,.,. This relation closely re-
sembles the sequence L/2 = A/2, 3,/2, 5./2, which is
usually encountered when standing waves exist on any
wavequide structure. This behavior clearly indicates
that the electromagnetic field travels, in part, along
the spiral path of the cofl.

2. Pulse Transit Time

The balanced configuration shown in Fig. 3a was
employed to measure the time of travel of electromag-
netic disturbances along the coil. The upper trace in
Fig. 3b shows the pulse at J1 to be delayed by 400
nsec, relative to the input pulse at J12, while the in-
verted pulse at J1 15 delayed hy 1180 nsec, or roughly
three times the dclay of the first pulse. Apparently,
the positive pulse starting from the positive terminal
of the generator travels over one layer, vhile the
negative pulse starting fom the negative terminal
travels over three layers. The calculated travel time
per layer is 430 nsec, based or the speed of 1ight in
vacuum, The fragmented pulse at J. at the onset of the
input signal appears to arrive through an axial path
(1 nsec) provided by capacitive and inductive zoupiing
between adjacent turns.

3. Multiple Reflection

The response of the cofl to a square wave input,
in the configuration of Fig. 4a, 1s shown in the
traces in Fig. 4b, whil~ the same tracs in expanded
scale 1s shown in Tig. d4c. This pattern is typical
of multiple reflections of step functions, providing
additional evidence of wave propagation. The duration
of each reflected step {s approximately 810 nsec which
is close to the calculated travel time of 860 nsec
over half the coil length. Since contactors and
switching devices of real systems might not have the
rapid rise and fal! times of the square wave generator
used for the data of Fig., 4, the cof)l was manually
energized and de-energizod to a current level of &
amperes, dc., Once again a ringing was observed in the

first few microseconds of the normal exponential decay.

This r!ngin? was analyzed to be a sereis of alter-
nating multiply-reflected-steps having the same dura-
tions as shown in Figs. 4b and 4c,

111. Theoretical Interpretation

The following development from the theory of
uniform wavequides is presented as a preliminary
frame work in which to interpret the above experimen-
tal results, which otherwise cannot be nplnngd
strictly by circuit theory. It has been shown”® that
the electromagnetic field along any path, either
Stl"li?ﬂt or curved, occupied by a conductor can be
described by the Lorentz potentials A and ¢ satisfying
the equations

CLNCURRE $ X (1)
alnt) = - Fp Axt) (2)

where ¢ 1s the speed of light and x is the distance
along the path, These potentials can be related to
observable voltages and currents via normalization
integrals appropriate to the geometry of the conductor
path. Since these integrals are not easily calculable
for a cofl at this stage, we appeal to the simple case
of a strafght wire, even though it is not completely
realistic. For this case, the normalization yields

2
Lovint) = - 2L (3)
B B n R
= 1at) A vix,t) (4)

where v(x,t) is the voltage along the wire relative to
an arbitrary reference, 1(x,t) is the current, and Z,
is the characteristic wave impedance,

The conditions of the experiments on the coil
can be represented best by considering excitation of
the line by a generator connected between the conven-
tiona! input-output terminals, as shown in Fig. 5.
This configuration imposes the boundary conditions

V'(t) 4 i‘RS * ‘l'(;'t" ‘) » '&n '-) \5=

() = 1(- 5 t) = 1(5 t) (6)




where v'h) and 15(t) are the generator voltage and
current, respectively, and l' is its interna) resis-
tance,

Employing the convenience afforded by Laplace
Transforms, and denoting such transforms by under-
scores, e.9., %(:.ﬂ. we find the solution to Fgs. (3)
and (4‘ subject to the conditions (%) and (6) to be

(8) si/2e s
ns) - 1’;‘.—7 i f;ﬂf e
L ]

1(x8) -}a’}:—(:—’f.'“”‘ shaale)  (q)

-%
1+ ]

where z_ = Ry/21, and

I'e 18 the reflection coefficient of the generator. It
1§ worth noting that, at the midpoint of the 1ine.

v (0,8) 1s always zeroc regardless of the refereice,
while at the end points the voltages are equal and of
opposfte sign. Consequently, the midpoint may b
taken properly as the voltage reference.

1. ing Wave Rer ~ance

In order to interpret the results in Section 111,
it 1s necessary to evoress the voltages and currents
in complex phasor representation appropriate to sinu-
sofdal excitation. This may be done directly by the
substitufon s = ju in Eqs. (7) and (8), where » is th
an?ullr frequency. The quantity of interes® ‘s Vi
which 1s given by

gl = | § 5 - ot )

Carrying out the algebraic operations we find JV}2|
to be

* (9)

Vgl ,
%l = TS Istn(ul/4c)| (10)
and the fnput current amplitude to be
vl
1] = ,'—h,i; lcos (uL/2¢) | (1)

where

e [l . rf + zrs...;(.,u.-_)]m.
Equations (10) and (11) are plotted in Fig. 6 for
I's = =0.5, for the purpose of {llustration. It is
sfm that the voltage exhibits maxima at the frequen-
cles

fo=(2n+1) e/t, n=0.1.2,...
while the input current has {ts maxima at

fp = mc/L, me 1,2,...
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The maxima shift according to whether I'. 18 positive
or negative, which {g determined by the ratio 1.

For the four-layer cofl, with L = 525 meter, the
theoretical frequencies for voltage maximy would be

fy = 0.571, 1.71, 2.85 WAz

compared tu the cbserved values of 0.6, 1.85, 3.4 MMz,
As to be expected, the theory of uniform lines s not
aoequate quantitatively, Nevertheless, 1t 1llustrates
that the observed phenomena are not the result of cir-
cuft theoretic resonance but due to standing waves in
space,
2, Fulss Travel Time

To interpret the delay times indicated in Fig, 3,
we note that v,iz(t) and 'Jl"3 correspond to

¥ajpls) = v(- '.2-. s) (z)
yts) = vl & 8). (13)
By anplying the Lanlace inversion to Eq. (7) evaluated
at x = « /2, - L/4, one finds
s ke ¥ fap
V_nzl'._ Yy z ( .'.}
5 ne0

vyt - an) - v fe -ame 0]} 08

Vg lt) = Jis S fapr Y1
it) * ey 2 r)

:{v"[t - 8 + l)v] "V,[‘ - (4n + 'Jh]} (18)

where = L/ac. A sketch of the first terms (n = 0)
of v;, and v, 1s shewn in Fig, 7 for an arbitrary

input pulse ¥+ The higher order terms diminish as

el Comparing this =ketch to the cbserved trace in

F1g. 3b shows that the agreement between theory and
experirent 1s excellent in this case.

1V, _Conclusion

We have presented experimental data which, when
interpreted in the framework of the theory of waves on
strafght wires, demonstrate that a large coil behaves
as a straight waveguide structure. From the standpoint
of cof?! protection, it 1s significant that voltages
between layers within a coil were found to differ
from and even exceed those measured at terminal: where
protective resistors are usually placed. Such resis-
tors were found to suppress the low-frequency oscilla-
tion, but not the hiah-frequency multiple reflections
and standin? waves. Since the characteristic impedance
of a wavequiding structure plavs a decisive role in the
multiple reflections which cause these high-frequency
resonances, the solutfcn for cofl protection ageinst
excessive voltages and, for that matter, against any
random stimulation of undesired oscillations might well
lie in impedance matching at selected points thrcughout
the cofl system,



While the motivation for this research was
better understanding of the dielectric breakdown in
superconducting magnets, Lhe wave phenomenon dis-
covered has broader implications. Since multiple re-
flections can be stimulated by a random disturbance,
swizching transfent, or sudden fault, these cscillating
waves constitute an instability capable of transforming
the energy of a quiescent dc superconducting coil fnto
dissipative ac energy, even when dielectric breakdown
does not occur.

The findings also 11lustrate the ina cy of
viewing a cofl only as a lumped inductor. Even the
representation ' v sections of distributed inductances
and capacitances, zush as has been attempted for
power transformers®:./, {5 questionable because there
are no a_priori criteria by which one decides the
number of needed sections and by which one justifies
the assumed topology of interconnections. In light of
the rudimentary theory presented here, a thorough
field theoretic analysis of coils in general appears
desirable and deserving of the effort.
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Figure 2. - Standing wave resonance,
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