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Coaxial cable conductors in the form of helical
tape windings have been proposed in order to make Nb3Sn
cables which have flexibility and the ability tc take
up thermal contraction. For ac power transmission the
axial magnetic fields which occur in a simple helical
construction produce a number of undesirable consequenc-
es., It has been shown that these problems can be avoid-
ed by using double layer windings of opposite helicity,
with 459 as the optimum helix angle. However, smaller
values than this are desirable for mechanical reasons,
and this paper extends the thenry to include pitch
angles < 459, Measurements on short cable models are
shown to be in reasonable agreement with calculation.
The effect of current flow around the superconductor
tape edges, which occurs in helical windings, is analyz-
ed and it 1s shown that appreciable ac loss can arise
if laminated tape with non-superconductive edges is
used indiscriminately.

INTROIUCIICN

The original BNL conceptual design of a NbaSn
superconducting coaxial cable for ac power transmission
envisioned se?nented tape conductors wound in simple
helical form.* The aim was to provide flexibility and
the ability to take up thermal contraction. However,
helical current flow produces axial magnetic fields
which lead to several undesirable consequences. It has
been shown, for example, that non-zero axial flux can
generate large eddy current losses in metal enclosuzes
(such as cryostat walls) extermal to the cable proper.
In addition, with simple helical comductors this £lux
would produce large voltage drops along the length of
the outer conductor, necessitating high voltage insu-
lation on the outside of the cable.s I’inally, axial
magnetic fields in the inner core region of the cable
can produce significant eddy current heating in normal
metals which are present there for mechanical support
and current stabilization.

The authors referred to have pointed out that it
is not possible to eliminate all of these problems
simultaneously by a simple adjustment of the immer and
cuter helix pitch angles. Double windings of opposite
helicity have been proposed in place of the simple
helices. Although it was initially suggested that the
tapes of a double helix be transposed periodically to
ensure balanced cu::rent:s,2 this would be difficult, if
not impractical, for comparatively fragile Nb3Sn tapes.
It has been shown that a simple overlay of the helices
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will work as well if the winding pitch angle is approx-
imately 45°.3 In this paper we calculate the behavior
for smaller pitch angles. This is of some importance
since smaller angles are desired in order that the
radial contractions of the conducters and dielectric
are properly matched upon cooldown. We show that for
pitch angles in the ramge 20° to 45° the problems dise
cussed above can be reduced to acceptable levels.

In addition, we discuss the current flow perpendi-
cular to the tape axes which occurs in the individual
segments of a double helix. The losses which arise
because of thils are analyzed as a function of pitch
angle and tapa construction.

DESCRIPTION OF CURRENIS AND FIELDS

The cable design considered is shown in Fig, 1.
The conductors are numbered 1 to & from inner to out-
er. Dielectric insulation is located in the anmular
space of the coax, l.e., between 2 and 3. The region
inside conductor 1 contains mechanical support for the
tapes and refrigerant. It is referred to below as the
core region., Positive direction for I and I, is op-
posite to that for I, and I,. Current flow between
individual tape segménts is assumed negligible in the
superconductive state. The helicitles of conductors 1
and 2 are opposite and likewlse for 3 and 4, in order
to reduce the axial filelds in the annular space of the
coax and in the core ragion. The helicities of conduc-
tors 2 and 3 are shown the same but this convention is
not essential. If we denote the cable current by I,

then:
en L+ I, =1 [e))
I+ I, =1 €3]

In addition, each helix palr 1s connected at its ends,
so that the voltage drops per meter of conductor satis-
fy

vl = V2 (3)

V3 = V4 %)
These voltages can be expressed as functions of the
currerts and the various pitches and diameters. Mag-
netic fields are determined by superposition of the
fields of each of the four currents., TFor a helical
current shell i an axial field. H,y = I /P,, is pro-
duced inside the shell, and an azimutha field Hyy =

/2w, outside, where P; is tha helix pitch leng%h

and r j.8 the distance from the cable axis (mks units).
In what follows the P; are taken as positive quanti-
ties, and the algebraic signs of the H-compoments are
written explicity. Vi, Vo, V3, V4 may be written down
from Faraday's law as follows:

- 2 =l =1 -
Vy = Qo /4)D) B 7(L,P - LR,
+ (Ju p,/2m) I, 1n D,/Dy
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where Dy is the diameter of the ith corductor, y is the
angular frequency, and j =,/ =1 . In Eqs. (5) and (6),
voltages due to flux linkages outside conductor 2 are
not written down since they cancel in Eq. (3). Flux
linkages and resistance in the superconducting surfaces
are neglected in the calculation. In reference 3 these
voltages were written in terms of the coefficients of
inductance of the conductors. Egs. (1) to (4), with the
voltages given by Eqs. (5) to (8), enable us to solve
for I Iz, I, and I4 as functions of the pitches, dia-
meters, and I.

Approximate values of azimuthal megnetic fields can
be calculated quickly by assuming equal helix currents.
I% =L, =1, =1 = I/2. As can be showm by numerical
chlculdtion the Individual helix currents may differ
from this by about 10% for parameters corresponding to
practical cases. For calculations involving these
fields the equal current assumption is adequate. Refer-
ring to Fig. 2, the magnetic field at the surface of
the inner conductor (outside 2) is entirely azimuthal,
and = I/nDy. We shall call this reference field Hy.

In the anmulus between 1 and 2 the azimuthal field com-
ponent is = H,/2 and there is an axial component Hz ~

(i, tan )/2, where p is the pitch angle, i.e., the
a::%le between the tape axis and the coax axis. There is
a small axial field in the core region, Hy, which can-
not be calculated accurately under the equal current
assumption. It will be calculated exactly in the next
section. The fields for the cuter conductor are similax
and will not be considered further.

VOLTAGE IN QUTER CONDUCTIOR; CORE FIELD

The purpose of the double helix is to reduce to in-
significant levels the quantities H,, the axial magnetic
field in the core region, and ¥, the total axial flux
across the cable cross section. These are given by:

=1 -1 ~1 -1
and
-1.2 1.2 -1.2 -1 2
Using Eqs. (1) to (4) H, and ® can be expressed as fol-
lows:
2 2, =1 2 2 2
H, = - I,(P;D;+P,D7) [2/m)R; 2, 1n Dz/D1’(Dz'”1)]
11)



= ([T, @gt2) " @/nPPg2, 1n D, /D - @2-DD)] a2)

The conditions for the pitches if H = 0 and ¢ =0,
are obtalned by setting the bracketed quantities equal
to zero. As was pointed out in reference 3, they imply
a pitch angle ¢ = tan~l mD/P ~ 45°. In practice it
will be necessary to employ smaller pitch angles in
order that a tight coaxial structure result upon cool-
down. Therefore, we are interested in the magnitude of
H, and § for other pitch angles. In practice NbySn
tapes are thin (less than 0.2 mm, typically), and we
may treat D,-D,= 4D, and D,-D,= AD, as small quantities.
Also, to simplify tlie discussion let Py = P> o:lTrDl and
B,= Py= @, D,. Deviations from this assumptiofi would
1léad go terms in AP in the expressions which follow.

As these are unimportant in practice, they have not been
included. For H, we get:

Hy ~ (L /0y™Dy) (40 /D)) @5 - 1) a3

As I/v "Dl is the axial field for single helix conduc-
tors, thit fleld is reduced by (AD,/2D,)(a2-1) for the
double helix. Taking reasonable limits for AD /D1 g1i0°
and 450 < ¢, = 20° (1 < o, < 2.7) we find tha B, is
less than 3;; of the singlé helix value. Eddy current
losses in support metals in the core region3 are thus
reduced by more than 103, i.e., to an insignificant
level.,

The quantity $ determines the longitudinal voltage
in the outer comductor, V, = jw <I>/P4. With the same as-
sumptions as before we obtain

V, ~ (8,0/4m)T, (4D, /D) (1 - a:f) (14)

We see that for all pitch angles less than 45° and
aD,/D, s 1072, 1 < 10%, and w = 377, V, is less than
2 x 16'3 V/m, which ls entirely acceptable in practice.

MEASUREMENTS OF FIELDS IN A MODEL COAXIAL CABLE

Ac magnetic fields were measured in coaxlal models
made in the form of simple helical conductors, using
uninsulated tapes. These showed spiral current £low;
i.e., the impedance to spiral flow is much less than
contact resistance between adjacent tapes. When prob-
lems due to axial flux in single helical conductors be-
came understood double helix models were then made. Un-
insulated tspes were used again. The overlying double
helix layers were wound in direct contact. The Nb,Sn
tapes were clad with a thin (0.03 mm) copper 1aye;. for
stabilization; this copper served in effect to separate
the superconducting layers electrically. In addition to
being easy to make, this method of construction is im-
portant sinca it leads to low radial heat resistance in



the conductors of the double helix,

Results are given in Table I for a coaxial double
helix model. The cable is shorted at one end through a
copper ring. Measured quantities were proportional to
current (1 kA to 5 kA) and were independent of fre-
quency (except for V,) (40 to 150 Hz). In addition to
H,, $, and V, which have been defined previously, the
quantities Hy, the axial field in the ammular space
between 2 and 3 (Fig. 1) and @i, the axial flux across
the cross section of the inner double helix were also
measured. ¥ and 9, are measured by means of coils
wound around the Guter and inner conductors respective-
ly. H, and H_ are measured by means of calibrated pick
-up coils in the annular and core regions respectively.
Formulas for H_, &, and V, have been givan. The follow~

ing express:l.ong for ¢; an H, can be derived also:

&, ~ (@ /)LD () + a7 D) (15)
2 2.1 -1 -1
H, =~ [m(D3 = D3)] ~ [I; 4D (@y+ oy )+I,8D, (v 4, 7)]Q6)

In evaluating these quantities it is reasonable to let
I, = I, = I/2, although as was mentioned previocusly
tii:l.s :Lé not exactly true. For the model of Table I the
values calculated numerically from Eqs. (1) to (8) are
= «94(T/2) and T, = ,92(3/2).

The model is 800 mm long. The NbBSn tapes are
3.2 mm wide and 0,13 mm thick. The average gap between
adjaceut tapa segments is about 0.1 mm. Pitch and dia-
meter data are given in the table. It is difficult %o
determine the quantities 4D, and AD, since the tape
thickness is comparable in @agnitude to these quanti-~
ties and since the double helix layers are not in uni-
form contact. Since there are five measured quantities
and only two AD's we have picked values for AD, and AD,
which give the best agreement between all the measured
and culculated quantities. The values thus chosen for
AD, and AD"_ are physilcally reasonable. The difference
bea!ween them seems somewhat large and may be due to
experimental error to variations in pitch, and to the
fact that the calculations assume the tape thickness to
be zero whereas it is comparable to the AD's.

LOSSES IN CRYOGENIC ENCLOSURES

It is likely that the coaxial cable of each phase
of a superconducting transmission line will be enclosed
in a pipe to contain the supercritical helium refriger-
ant. For pitch angles other than 459 the axizl flux, P,
will lead to eddy currant losses in the pipe.

The calculation of these losses 1is complicated by the
fact that the induced currents may be large enough to
alter sigrificantly the value of I calculated previous-
ly. The result of a calculation taking this effect in-
to account Is as follows:



@ /b (zainxlt*) @, - az',l)z (AD4)2 Ilz,

B/t~ 7 2.2 Z

®2 - pH? + @82, /t%)
where P/g is the loss per unit length of coax; D_, §
are the diameter and skin depth of the enclosure? *
t* = t, the enclosure wall thickness when t < 6_ and
t* = 5_‘: when t 2 5x. This expression is greatest when
the tetms in the deénominator are equal. The_ maximum
acceptable value of P/ is of the order 10™“ W/m for
typical superconducting cable designs. Substituting for
mumerical evaluation AD, < 2 x 1074 m, (v,- o71)2 < 6
(l.esy p < 209, I< 10{t A, D, 2 0.1l m and P/¢ < 10~2
W/m we £ind 52 /t* = 0.1 m. For pure metals, t* ~ 6
<< 10 mm, and"it would be necessary to keep clgse o
@ =1 (p = 459). However, for virtually all alloy con-
structional materials this condition, which is conser-
vative in view of the approximations made, is easy to
satisfy. For example, assuming a stainless steel en-
closurewith!)z-o.lm, t=2mm § =30m { =20
uQ cm). I = 1044, p = 20° and AD, = 0.2 mm we find
P/g < 2.4 x 1073,

LOSSES IU'E TO EDGE CURRENTS

In contrast to the behavior in an ohkmic conductor,
current flow in superconducting tapes is confined to a
mch narrower surface layer (except for currents close
to the critical current). The surface current density
is perpendicular to the direction of the surface mag-
netic field and is equal to it in magnitude (in mks
units). For conductor 1(Fig. 2)there is little or no
field on the inner surface. H = 0, Hence, the current,
I,, flows entirely on the cutér tape surfaces, parallel
to the tape axes. The magnetic field in the space be=-
tween 1 and 2 is therefore perpendicular to the tape
axes of 1. On the other hand for conductor 2 there is a
component of field parallel to the tape axes of magni-
tude He sin ¢ on each surface, and therefore, a circu~
lation’ of current around the tape segments. Similar
remarks may be made for conductors 3 and 4 and it is
not nenessary to consider them explicitly. IE conductor
2 consists of a solid supercondustor the curculating
currents only cause a slight increase in the hysteretic
loss. However, as indicated in Fig. 2, the situation
which commonly cccurs in practice is the existence of a
core or substrate of different material which extends
to the tape edge. This results when wide sheets of
NbqSn, for example, are slit into narrower tapes. The
substrate usually consists of unreacted superconductive
Nb or Nb=1% Zr or a resistive alloy such as Hastelloy.
If the substrate is resistive the axial field sin o
will cause a fraction of the circulating current to
cross through the substrate and the rest to flow along
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the inner superconducting surfaces (i.e., at the super-
conductor ~ substrate boundary, Fig. 2). If, on the
other hand, the substrate is itself supercorducting the
circulating current will flow entirely through the edge
region of the substrate. In either case significant
additional losses can result, as we now show.

Normal metal substrates. This problem can be solved
by an appzopriate application of standard eddy current
formlas.” The superconductive surfaces impose the
boundary condition E ~ 0 at the interfaces; that is,
there is little or no current flow parallel to the
interface in the normal metal. The current flow in the
resistive layer 1s therefore identical to that in a
slice of thickness a taken from an infinite slab of
width b with a field :I,\tsin ¢ applied along the slab.
The losses per unit area of the inmer coaxial conduc-

tor are:
B/A = (24, Pw)% (a/b)H2 for b>> § (18)

/o= (2 o?/120) ab%H?  for b < 5 9

vwhere p is the substrate resistivity and H is the mms
value of the parallel field ( = E sin ¢). For the
component of fiald perpendicular to the tape axes,
currents cross the substrates only at the ends of the
cable, and P/A ~ 0.

For normal metals of high conductivity the above
formulas give unacceptably large losses. For metals of
poor conductivity the skin depth will be & 10 mm and
therefore comparable to the tape width. The second of
the above expressions applies, therefore. Compared to
the usual a- dependence for a noumal metal slab with
either one 012'- no superconducting face? the loss now
varles as ab“; that is, it is enhanced by the factor
b2/a2. For numerical illustration let a = 12 um
(L/2 mil), b = 6 m (1/4") B = 5 x 104 A/m, o = 30°,
and p = 2 x 108 (m (approxithate value,for Nb-1%Zr in
the normal state), Then P/A = 25 yli/em®, This is ob-
viously too large czmpared with hysteretic losses in
NbaSn of 10 u.w/cmz. It is apparent from Eq. (15) that
this number can be brought down to an acceptable value
by reducing a, b, ¢, and increasing p. An alternative
solution i» to employ tape segments which are fully en-
closed by a superconductive layer.

Fig. 2 does not show the normal metal cladding
usually present for superconductor stabilization. This
can produce significant losses if the metal is too
thick. However, these losses are not greatly affected
by the helix angles and accordingly this problem is not

discussed here.
Superconductive Subtrates, Losses for the case of

a superconductive substrate (say Nb or Nb-172xr between
6 K and 9K) can easily be calculated provided one again



makes the simplifying assumption that no currents flow
parallel to the superconductor - substrate interfaces.
In this case the current pattern in the substrate is
given by the critical state model for a section of
thickness a taken from an infinite slab of width b.
Provided flux does not penetrate to the center of the
tape during a cycle, the loss per unit area of the
coaxial cable at 60 Hz is (in mks units)

P/A = 2.85 x 10°% (a/b) (83/3)) (20)

where J_  is the critical current density of the sub-
strate, and H = Hb sin ¢ is the magnitude of the axial

field. Assuming
I,o= 3,2 -T/T) (21)

with J_ = 1010 A/m and T = 9 K, parameters which cor-
respona to either Nb or Nb-17Zr, one can calculate the
loss for various temperatures. The maximum loss for the
substrate in the superconducting state will occur when
magnetic flux penetrsies to the center of the tape at
peak amplitude. IfH sin9p = 25 A/mm, and b = 6 mn,

= 1,2 x 107 A/m 2.8 This will occur, according to
Eq. (21) at 9.88 K. At this temperature the contribu-
tion to the cable loss will be ~ 60 pW/cm“, i.e., high-
er than for the substrate in the normal state (see
above). Reducing the temperature by 0.2 K (to = 8.8 K),
however, already brings this loss to the zcceptable
level of < 3 uW/em?, If the maximum temperature of the
cable is not allowed to exceed 8.8 K, edge losses would
therefore be acceptable for a Nb substrate provided
other effects such as flux jumping, etc., assoclated
with flux entering the edge do not degrade the overall
performance of the Nb,Sn.

The losses due to this effect can be eliminated if
the tape segments are fully enclosed, i.e., the edges
are NbsSn. Attempts to produce such tapes are being
made both commercially and in our laboratory.

CONCLUSIONS

Model calculations and experiments have been car~
ried out for double helix, tape wrapped, superconducting
cables. The cables were made by a simple overlay of
opposing helices. Over a wide range of pitch angles,
20° < @ < 459, the effects of axial flux in producing
ac losses in normal metals, which are present both out-
side and in the core region of the cable, are reduced
to insignificant amounts. Voltage drop along the outer
conductor is likewise reduced to an acceptably small
value.

Finally, the flow of current perpendicular to the
axes of the tape segments of a double helix is discus-
sed, This cam lead to significant losses in cables made
with presently available commercial tapes. There are
several possible options for eliminating or reducing



this problem: the tapes may be fully enclosed by the
Nb,Sn layer; the substrate may be made highly resistive;
finally if the substrate is made of superconductive
material other than Nb,Sn, the cable must be operated
at temperatures not too close to the transition tempera-
ture of the substrate.
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Fig. 1. Double helix coaxial cable schematic,
I,t, = I3+:!:4 = I. the single phase line
curr%nt.




Fig. 2. Magnetic fields on inner conductor tape
segments.
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TABLE 1
Measured and calculat:ed fields in a double helix model

coax. = 19 2 mm, = 28.2 mm, 112 m(cp = 289,
= 24b m G, = 3159, Values of Zm = .17 mntand
Aﬁ = ,35 mm wére picked to give best fit. I = 1000 A.
Measured Calculated
(Wb /m%) 10.5 x 1078 11.5 x 1078
-8 -
cpfwb/mz) 5.9 x 10 6.0 x 1075
HO(A/m) 92 (1.2 Oe) 91
HA(A/m) 590(7.4 oOe) 500

v, (V/m) 0.22 x 1073 0.18 x 10™°



