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Design and Test Results of 6-kA HTS-Copper Current Leads with HTS
Section Operating in the Current-Sharing Mode

Haigun Lee*, Ho Min Kim*, Yukikazu Iwasa*, Keeman Kim**
Paul Arakawa*** and Greg Laughon***

Abstract - This paper presents the design and performance results of a pair of 6-kA high-temperature
superconducting (HTS)-copper current leads, in which, over a short length at the warm end (e.g., 77K)
of each HTS section, comprised of paralleled Bi-2223/Ag-Au tapes, is operated in the current-sharing
mode. Because of their reliance on vapor cooling, the leads are applicable only to liquid helium cooled
superconducting magnets such as those used in high-energy physics accelerators and fusion machines.
The experimental measurements have demonstrated that key performance data of the new 6-kA HTS-
Copper leads agree reasonably well with those expected from design.
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1. Introduction

Current leads presently available that incorporate high-
temperature superconducting (HTS) sections are, though
effective in reducing liquid helium boil off rates, bulky and
expensive in comparison with copper-based gas-cooled
leads. What is needed is a new HTS section that, while
keeping efficient thermal performance, results in a compact
and affordable lead. Our recent analysis [1] and design/
performance [2] have demonstrated that the new HTS sec-
tions are compact and thermally efficient. The new
HTS/Copper Leads are applicable only to liquid helium
cooled superconducting magnets such as those used in
large high-energy particle accelerators and magnetically
confined fusion devices. The new integrated HTS/Copper
leads that we believe can be made affordable should sig-
nificantly improve the cryogenic efficiency of these sys-
tems. Compactness of the leads should also facilitate retro-
fitting existing current leads with these new leads.

This paper describes the design procedure, parameters,
and performance results of the new 6-kA HTS-Copper
leads built by AMI and tested at MIT. The leads were de-
signed by MIT based on a new concept described else-
where [1,2].
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2. Design procedure for HTS section

2.1 Design Procedure for the HTS Section - Iteration 1

Given below is a step-by-step procedure for design of
the HTS section of a new pair of 6-kA HTS-Copper leads.
In Iteration 1, a protection requirement is not included.

Step 1: Parameters of Bi-2223/Ag-Au Tape Key pa-
rameters of Bi-2223/Ag-Au tape are: 1) overall dimen-
sions: width; thickness; and Bi-2223 filling (volume, in %);
2) critical currents in self field: i(T}) and i(T}), both at a
normal field, B, = 0.2 T corresponding to this pair of 6-kA
leads; 3) Ag-Au alloy: Au content; cross sectional area, a,,;
T-averaged thermal conductivity, k,,, in the range Ty-T;; and
T-averaged electrical resistivity, p,. Table 1 presents these
parameters.

Step 2: Bi-2223/Ag-Au Quantity The number of HTS
tape, N, is determined by I.(T}) = N,yi. (T), where I(T)) is
the critical current at the warm end and i.(@77.3 K and B,
= 0.2 T) = 80 A. Although values of N, as small as 38
(50%) may be selected for our HTS section, N,,= 60 (80%
of that required for a Fully-Superconducting (FullSuper)
version requiring V,, = 75) was selected.

Step 3: Current-Sharing Temperature Once I(T) is
selected, the current-sharing temperature, T,,, may be de-
termined. For this, it is assumed that I(T) = N,i(T) is a
linear function of 7, decreasing linearly from I.(7;) =
NypiTp) to I(T}). From this linear function, we may deter-
mine 7T, at which point 7, = I(T.,).
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Table 1 Parameters of AMSC Bi-2223/Ag-Au Tape

Parameters Value
Overall width [mm] 4.2
Overall thickness [mm] 0.228
Bi-2223 filling (volume) [%] 42
Au content [wt%] 53
Ag-Au cross section, a,, [mm?’] 0.555
{a,, (tape cross section)} [mm?] 0.958
iT) (@77.3K @B, =0.2T) [A] 80*
iT)) (@42K @B, =0.2T) [A] 450t
k,, (4.2~77 K) [W/em K] 0.327
P (4.2~77K) (1Qcm) 1.0

*  1-uV/cm criterion.
t Note that at 4.2 K the effect of B, = 0.2 T is negligible

Step 4: Design of FullSuper Version First, design a
FullSuper counterpart for a given combination of Q;, and /,
which are related by:[1]

Q‘, = kmAmhL In CP(Y; —TE))+1 (1)
"l h,

In Eq. 1 A,, is the total cross sectional area of the Ag-Au
alloy, given by A, = N,,a,..

With #;=20.4 J/g (liquid helium at 4.2 K); C, = 5.280
J/g-K (helium vapor, 4.2~80K); Tp=4.2 K; and 7, = 77.3
K, a value of Q,, may be computed from Eq. 1 for a given
choice of [. For [ = 19.5 cm: Q;, = 0.065 W for 6-kA. Be-
cause for standard AMI vapor-cooled copper leads rated 6-
kA, Q;,, =~ 7.2 W/lead, reduction in Q;, achievable with
HTS-Copper leads can exceed a factor of 100.

Step 5: Protection Criterion Before proceeding further,
it is appropriate at this point to introduce a protection crite-
rion in the design. Here we review a fault-mode scenario
for protection of a vapor-cooled current lead: flow stop-
page.

We may analyze this condition by assuming the adia-
batic condition in which Joule heating is converted to rais-
ing the lead temperature: [3]

ar, (1)
dt

P (T 2(0)=C,(T) 2

where p,(7T) and J,(f) are, respectively, the resistivity and
current density of the matrix; Cy(7) is the heat capacity of
the tape (Bi-2223 and Ag-Au); and 7,,(?) is the matrix tem-
perature. Based on the assumption that Cppp3(T) = C,.
calT), with the 58 %/42 % = 1.38 to take into account the
volumetric ratio of this tape, we may assume Cy(T) ==
1.38C,(T) and integrate Eq. 2 in time and temperature as
given below:

[r2@ar= 1.38]? S 4y

p.(T)
= 1.38M 3)
P

where AH,,(T,,T)) is the total change in enthalpy of the ma-
trix between T; and T} The second approximation of Eq. 3
is valid for alloys whose resistivity is nearly constant over
this temperature span. The left-hand side of Eq. 3 may be
divided into two time segments, first between ¢ = 0 (start of
flow stoppage) and ¢ = 1,4, (delay in discharge action), and
second between ¢ = T4, and t = Ty, + Ty, Where Ty, is the
exponential discharge time constant. From Eq. 3, we may
derive a protection criterion for an HTS section:

AHm (T; Tf ) (4)

J2T 0 Ly T, <138
2 pm

mo

where J,,, = I/A,, is the matrix current density in at ¢ = 0.

We apply Eq. 4 to the FullSuper HTS section, which for
A, = 60a,, = 0.333 cm” has a value of J,,, = 18.02 kA/cm?.
The left-hand side of Eq. 4, for T4, = 5 s and 14, = 25.6 s,
for example, is thus 57.8x10° A? s/em®.

With T; = 77 K, T;= 200 K, and p,, = 1x10° Qcm, the
right-hand side of Eq. 4 is 3.6x10* A%s/cm* for the en-
thalpy and density of silver. Clearly, the protection criterion
of Eq. 4 is not met even by the FullSuper version rated at
6-kA.

2.2 Design Procedure — Iteration 2

Step 0: Parameters of Bi-2223/Ag-Au Tape The pa-
rameters of Bi-2223/Ag-Au tape are identical to those in
the Iteration 1 design given in Table 1.

Step 1: Protection Requirement—ILeft-Hand Side of Eq.
4 Because even the total matrix cross sectional area of
0.333 cm? (6-kA) for the FullSuper HTS section is utterly
inadequate to satisfy the condition of Eq. 4, it is necessary
to introduce in each HTS section an additional normal
metal (NM) element, thereby reducing J,,,. The total NM
cross section area, A,,,, may be determined from Eq. 4. By
neglecting A,,, we may express the left-hand side of Eq. 4
by the following expression:

I I I

2 2 2
H 1 1 ! 1
[E] Toer +E(Ej T = (E] (rdel +'2'Tdix] )

Right-Hand Side of Eq. 4 This normal metal must
have the following properties.
1. Low T-averaged electrical resistivity, p,,,. Note that a
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low value of p,, will enhance the right-hand side of Eq. 4.
2. Low T-averaged thermal conductivity, k,,. Note that
k. will appear in a new expression for Q;, similar to Eq. 1.
3. Common material and readily available in tape form.
4. Easily solderable to Bi-2223/Ag-Au tape.
A potential candidate for this metal is brass, key proper-
ties of which are as follows.
1. pum = 2.84x 10 Qcm in the range 77-200 K; 2.25x10°
®Qcm (4.2~77 K) [4].
2. kun = 0.35 W/K-cm in the range 4.2-77 K.
Approximating brass (Cu-Zn) as copper, we obtain for T;
=77Kand Ty =200K:

2
L+l \<i14x104%s7em®] (6)
A"m 2

With Ty = 5 s and Ty = 25.6 51 A, = 2.37 cm® for 6-kA
lead. This value is applicable to each of the new 6-kA
HTS-Copper leads built by AMI and tested at MIT.

Step 2: Bi-2223/Ag-Au Quantity The numbers of
tapes in a FullSuper version and the new 6-kA leads are the
same as those of the Iteration 1 design.

Configuration Because this extra NM element re-
quired by protection should also be vapor-cooled and be-
cause Bi-2223/Ag-Au is in the form of paralleled tapes, the
extra NM element too should be in the form of paralleled
tapes, each NM tape soldered preferably to each supercon-
ductor (SC) tape to enhance heat exchange performance.

Dimensions of NM Tape A thickness of 0.445 mm
(17.5 mil) and a width of 4.45 mm is chosen for each NM
tape.

Step 3: Current-Sharing Temperature This step is
identical to that in Iteration 1. For the 6-kA HTS-Copper
leads T, is 72.1 K. For FullSuper versions, T is always at
77.3 K, because, by definition, no current-sharing regions
exist in the FullSuper versions.

Step 4: FullSuper Version With this normal metal in-
cluded, Eq. 1 is modified to:

Qin — (kmAm + knmAnm )hL ln[ CP (Tl _To)+ 1:| @)
Cyl .
Equation 7 gives: 0, = 0.56 W for 6-kA, nearly 10 times
greater than that computed in the Iteration 1 design. The
new values of Q,, are still less than 1/10 those of corre-
sponding AMI standard 6-kA vapor-cooled copper leads.
Step 5: Current-Sharing Regime The current sharing
regime spans fromz=1[ toz=1(Tpisatz=0and T, at z =
[). Normalized to [, z becomes &, [ to 1, and I, to &. &
may be determined by satisfying the following equation, in
which the only unknown is &, for a given set of a, and
B.; defined below [1]:

e Sm{ﬂ” (1-¢. )} _Blee-15-1.)  ®
o (r,-1,)

ars
2

where [1]

a“ = mheCPlcs =In CP (ch - 71) ) +1 (9)
A (kmAm + knmA“nm ) hL
Because of the presence of the normal metal element, S,
is modified [1]:

b= ‘/ 2t —1) _i[ nG j (10)
* VkAALAAANE-T) 4KAKA,

Step 6: HTS Section Length The total HTS section
length, I, may be given by [ = [ /&, where & is deter-
mined from Eq. 8 and /. is determined from the first ex-
pression of Eq. 9 for a given value of m,,, which is equal to
Qin/ hL-

Step 7: Heat Exchange Requirements Stable opera-
tion of a vapor-cooled lead, HTS section or copper section,
1s possible only when the total required cooling power is
properly heat-exchanged with the active element of the
lead. One parameter that can gauge heat exchange per-
formance is an effective cooling flux, g, in the lead. g,
may be given by the total cooling power divided by the to-
tal surface area of the element exposed to cooling. Based
on performance of standard AMI vapor-cooled copper
leads, g.,; values 100 mW/cm? or less are considered ade-
quate.

For each HTS section, g, may be given by:

_mCo (0~ T,) (11)
o N, lw

nm

where w,,,, is the NM tape width. In Eq. 11, it is assumed,
to enhance heat exchange (or to reduce g, that each su-
perconductor (SC) tape is soldered to an NM tape; each
NM tape may thus be regarded as a fin to the SC tape. Note
that in Eq. 11, to be conservative, N,,iw,,,, which represents
one half of the total surface of NM tapes theoretically ex-
posed to the cooling vapor, is used to compute g, The val-
ues of g, computed, 20.2 mW/cm?, are well below ~100
mW/cm’. If g, values turn out to be greater than ~100
mW/cm?, then it may require another iteration process.

3. Parameters of 6-kA HTS/Copper leads

Table 2 presents key parameters of 6-kA HTS sections
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based on the Iteration 2 design: FullSuper in Column 2 and
the new HTS section in Column 3. The table shows that the
amount of HTS tape required by the new lead, for the same
Q;, as that of the FullSuper versions, is 80% of that re-
quired by the FullSuper version related at the same current.

As inferred from the table, tape length becomes shorter
as Ny, is reduced — more saving of SC is possible. Because
q.r is essentially determined by A,,,, which in turn is dic-
tated by protection requirements, it is possible to reduce N,,
even further than 50 % without violating either protection
or heat-exchange requirements.

Table 3 presents key parameters of the copper section of
the new 6-kA HTS-Copper lead. Note that this lead has Q;,
= 7.2 W at the 77-K cold end, which, when divided by &,
=20.4 J/g (latent heat of vaporization of helium), gives my,
= 0.35 g/s. Because LN2’s latent heat of vaporization is
199.3 J/g, its contribution is included in the cooling power
and we have: my = 0.96 g/s.

Table 2 6-kA HTS Sections-Iteration 2

Parameter FullSuper Z?;
# tapes, SC & NM (V) 75 60
I(T)) (@77.3K) [kA] 6 4.8
Ag-Au area, A,, [cm?] 0.417 0.333
Oin (W] 0.56
NM tape area, A, [cm®] 2.37
T (K} 77.3 72.1
L [cm] 19.5 19.5
-l [mm] 0 4.6
Pes Prm [uQcm] 1.0;2.25
SRy - [W/Kcm] 0.327,0.35
NM tape width (mm] 445 445
Cooling flux [mW/cm?] 20.2 20.2
Required HTS tap:;—:1 1 0.80
t For tape thickness of 0.445mm.
¥ Normalized to FullSuper.
Table 3 6-kA Copper Section
Parameters Value
Operating range K] 77~293
Active area, A, fcm?] 1.19
Active length, I, [em] 38
Cooling area [cm’] 12,650
Cooling Mass Flow Rate
LN2, my [g/s] 0.96
muCp6, (W] 216
Effective Heat Flux
Gef [mW/cm?] | 17

4. Experimental Setup & Procedure
4.1 Cryogenics

Fig. 1 shows a schematic diagram for both He and N2
flow lines in the experimental setup. For the sake of clarity,
only the flow lines for one lead are shown.

Helium At the start of the experiment, with the test

cryostat’s outer LN2 reservoir filled, LHe was transferred
into the cryostat. The LHe was filled up to a level just be-
low the HTS/bus-bar junction. Because of a relatively large
diameter of the LHe section of the cryostat, each 1 cm of
LHe level corresponds to ~0.8 liter of liquid. It was possi-
ble to remove the transfer line from the cryostat after fill-
ing was completed.
As shown in Fig. 1, effluent helium vapor from the bath
was forced through the paralleled HTS sections, leaving
from the top ends of the HTS sections at ~77 K. The 77-K
vapor exiting from each HTS section was guided through a
stainless pipe, leaving relatively cold from the top end of
the cryostat. The cold vapor was heat-exchanged with the
ambient and the two separate flows from each HTS sec-
tions were joined before introduced to a vapor volume flow
meter to then exhaust from system.

&
ol 42K }

M~ LHe LEVEL AT START
. Nb,Sn
AMI LHe LEVEL BUS BAR
SENSOR T
. | S4—tNb,SuCROSS OVER
8

CRYOSTAT HEAT INPUT

WW}RESERVOIR TO DETERMINE

Fig. 1 Schematic diagram for both He and N2 flow lines in
the experimental setup. For the sake of clarity, only
the flow lines for one lead are shown.
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The total boil-off rate of LHe for computation of heat
input to the LHe bath was measured from change in fluid
level, indicated by an AMI level installed in the system.
The vapor volume flow meter reading, because of its
strong dependence on vapor temperature, is not suitable for
accurate determination of heat input.

Nitrogen 1.N2 was introduced the bottom end of each
copper section. The exhaust vapor from the top end of each
section was heat-exchanged with the ambient before it was
passed through a flow rate meter. The rate of LN2 flow in
each copper section was adjusted to make a vapor flow rate
to be near 100 ft’/h, which corresponds to a designed LN2
flow rate of 4.3 liter/h.

4.2 Electrical

Fig. 2 shows a schematic diagram for the system’s elec-
trical requirements for one lead (+). As indicated in the
figure, two current ranges were used for measurement: 1)
0~1000 A and 2) 0~6000 A.

I\\'ATER—COOLED CABLE

) 4
| I B S
COPPER
SHUNF(1E) @ SECTIQN
SHUNT()
© 8o o e4-1—T _(Au-Fe/Chromel)
0-6000 A| |0-10000 A I TOP HT/Cu
T gp1iCE
1 HTS
My SECTION

LEAD

. l BOTTOM HTS/Cu
M spLicH
howhAasashsr W
¢ T, (An-Fe/Chromet)

AMI LHe LEVEL —»,
SENSOR

Fig. 2 Schematic diagram for the system’s electrical re-
quirements for one lead (+). As indicated in the fig-
ure, two current ranges were used for measurement:
1) 0~1000 A and 2) 0~6000 A.

The lead current was measured as the output voltage of
either one of the power supplies. Voltages measured for
each HTS section include: 1) V. (); 2) thermocouple

(Au-Fe/chromel) outputs near the top and bottom HTS/Cu
splices; and 3) output voltage from the AMI level sensor.

4.3 New 6-kA HTS-Copper Leads

Fig. 3 shows a photograph of a pair of 6-kA HTS-
Copper leads, each comprised of: 1) copper lead
(77K—RT); 2) HTS section (4.2—77K); 3) Cu/Nb;Sn com-
posite bus bar (~4.2 K): 4) coolant (liquid N2) inlet pipes;
and 5) He-vapor exhaust pipes. Note that the helium and
nitrogen are not mixed. Fig. 4 shows a photograph of ex-
perimental setup for measurement up to a transport current
of 6000 A.

Fig. 3 Photograph of a pair of 6-kA HTS-Copper leads,
each comprised of: 1) copper lead (77K-RT); 2)
HTS section (4.2-77K); 3) Cu/Nb;Sn composite
bus bar (~4.2 K): 4) coolant (liquid N2) inlet pipes;
and 5) He-vapor exhaust pipes.

Fig. 4 Photograph of experimental setup for testing up to a
transport current of 6000 A.
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Each HTS section was extended at its cold end with a
30.6-cm long Nbs;Sn/copper composite bus bar. The bus bar,
immersed in liquid helium over most of its length during
operation, was shunted at the other end with Nb3Sn tape to
its companion bus bar.

5. Experimental Results
5.1 Experimental Determination of Q;,(I)

The total heat input to the LHe in the test cryostat, Q,(I),
comprise of two components: 1) 20;,(D), the total heat due
to the two 6-kA leads (a factor of 2 for the two HTS sec-
tions); and 2) extraneous sources of heat, expressed as Q,,,
which unlike Q;,(J), is assumed independent of I. In the ex-
periment, m;,(f) was determined from the time rate of
change of the liquid helium level, dz,/df, measured with an
AMI level sensor. Thus:

4z, _ Dy _ 28, (D+0 (12

nH=-A
mhe ( ) 1q plq dt hL hL

The negative sign is required because the dz;,./dt is nega-
tive. Where A,, and p,, are, respectively, cross sectional
area of the liquid helium in the cryostat and the liquid he-
lium density at 4.2 K. It is quite accurate to assume A=A,
where A, is the test cryostat cross sectional area. Solving
Eq. 12 for Q,(I), we obtain:

d
0, () =~h.A,p, ke a3

5.2 Boil-Off and Other Dissipation Data

Fig. 5 shows raw data obtained with the new 6-kA HTS-
Copper leads tested up to a transport current of 6000 A.
Each set of data is discussed briefly.

Closed Circles The closed circles correspond to @y,
which comprises 20;,(I) and Q...

Shadow Zone The shadow zone represents Q,, of the
test cryostat. This was determined with I = 0 and after the
LHe level in the test cryostat had dropped below the Nb;Sn
shunt at the bottom of the HTS extension. With no part of
the 6-kA HTS-Copper leads below the LHe level, Q..
clearly does not contain conductive heat contribution of the
leads.

VieaaxI Curves Each of the two VI curves, LEAD(+)
and LEAD(~), represents dissipation generated at the HTS
/Copper splices, one at the top and the other at the bottom
end of each HTS section. Note that even the bottom splices
were always above the LHe during measurement. At 6000

A, the two splices of each HTS section generates
~2.75 W or a total of 5.5 W. Because the measured Q,
at 6000 A was 2.9 W, clearly most of 5.5 W did not en-
ter into the LHe bath. However, because each bottom
end splice is thermally well connected to its respective
cold-end extension, a fraction of ~1.4 W (=2.75/2 W)
might have easily entered into the bath. We believe this
is responsible for a slight departure of the measured Q,
from 2.5 W for 1 >2000 A.

Fig. 6 shows V(I) plot over the range 0~1000 A across
one HTS section that includes both top and bottom
HTS/Copper splices. Because over this current range, the
HTS is completely superconducting, a combined total re-
sistance, 60 n£2, for this HTS section, may be considered
due entirely to the two splices.

3

248 W ® ,"“
25 P ® l [ ] Ry
}\ :
2 CRYOSTAT \ /

220N 7
LEADI () ?/

A
5., A
° N

] )P/LEAD )
V I Curve|
/'/LEA)

0 1000 2000 3000 4000 5000 6000
1{A]
Fig. 5 Raw data. The closed circles correspond to Q,(]).
The shadow zone represents the measured range of
Q... Each V,,,xI curve represents dissipation due
chiefly to the splice resistances at the top and bot-
tom HTS/Copper couplings in each HTS section.

0.5

0

0.07

0.06 4

0.05 - /

004 /
0.03 4 /
0.02 4 /

0.01 4 /
0.00 el .

0 260 460 60’0 B(I)O 1000
Current [A]

Fig. 6 V() plot in the 0~1000 A range across one HTS
section containing both top and bottom
HTS/Copper splices. In this range HTS section is
completely superconducting and the voltage is due
entirely to the two splices, which has a combined
effective resistance of 60 nQ.

Voltage [mV]
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Fig. 7 shows V() plots in the range 0~6000 A for the
two HTS sections. For each plot the dashed linear line cor-
responds to V due to the two HTS/Copper splices. The de-
parture from this dashed line demonstrates appearance of
the current-sharing region in the HTS section. Although
each of 60 AMSC Bi-2223/Ag-Au tapes has an i, specifica-
tion of 100 A (77 K; self field), a combination of variation
in i, received from AMSC and degradation in i. incurred
during the brass strip soldering process resulted in a large
variation in i, (77 K; self field), as low as 60 A and some as
high as 120 A. i is further depressed by another 20 %
when the effect of B, = 0.2 T is included. Therefore, it is
not surprising to observe the current-sharing region occur-
ring at a total current of ~2200 A for the + section and
~2500 A for the — section.

5.3 Temperature Data

The measured temperatures of both bottom and top end
of each HTS section, within an experimental uncertainly of
~0.5 K, were independent of current and remained, respec-
tively, at 4.2 K and 77 K.

0.6

121000 ; V=65, 75 [V}
054 | 122000 v=133, 142
123000 : V=203, 214
{24000 : V=278, 292
15000 : V=358, 375
16000 ; V=450, 470

0.3 Lead(-) Voitage tap

0.4 1

Voltage [mV]

0.2
Lead(+) Voltage tap
0.1 4

00

T 4 T T T T T

e .
0 1000 2000 3000 4000 5000 6000
Current [A]

Fig. 7 V() plots in the 0~6000 A range across both HTS
sections, each containing both top and bottom
HTS/Copper splices. The dashed line for each plot
corresponds purely resistive contribution from the
splices. The departure from each dashed line indi-
cates the current-sharing region in each HTS sec-
tion.

5.4 LN2 Supply Rate

Each copper section was supplied with LN2 at a flow
rate roughly equal to 0.96 g/s (4.3 liquid liter/h), which is
equivalent to a room-temperature vapor flow rate of ~100

ft*/h. Indeed the LN2 supply rate was set to make the outlet
vapor flow rate to be ~100 ft’/h during the measurement.

6. Discussion of Results

We may derive the following results the data.

* From Fig. 5, we may extract 2Q,, < 0.28 W given by
0,(0) = 2.5 W subtracted by the minimum extraneous heat
input, Q..= 2.22 W or 0;,< 0.14 W. Because the design
value for Q;,= 0.56 W, measured Q,, is 1/4 of the design
value. Two parameters appearing in Eq. 7 that were not
measured or known accurately are k,, and k,,, the tempera-
ture-averaged thermal conductivities, respectively, of the
Ag-Au substrate and brass. We therefore attribute this
“pleasant” discrepancy (Q;, measured < Q;, design) to the
uncertainties in the value of both &, and k,,,,..

* 20;(D) is nearly independent of 7 — a slight increase,
ie., 0.4 W [=20;, (6000 A) — 20,,(0)], observed in the ex-
periment is due chiefly to a fraction of a large dissipation
taking place at the bottom HTS/Cu splice in each HTS sec-
tion. As pointed out above, at 6000 A, the bottom HTS/Cu
splice of each section is generating ~1.4 W or a total of
~2.8 W. Because each bottom splice is thermally well con-
nected to its Nbs;Sn bus bar extension, it is reasonable to
assume a fraction of it, ~0.2 W/section, enters into the LHe
bath, thus making 2Q;, increase slightly with I.

* The temperatures of both the bottom and top ends of
each HTS section are independent of I and remain, respec-
tively, at ~4.2 K and ~77 K.

* As designed, unlike a FullSuper counterpart in which
the HTS tapes operate in the fully superconducting state,
V(D) plots shown in Fig. 7 clearly show that the HTS tapes
in each HTS section of this new pair of leads operate par-
tially in the current-sharing mode. Because in an inevitable
variation in i(T}) among 60 individual tape, each soldered
with a brass strip, transition to the current-sharing region is
not as defined as it would be if the values of (7)) of 60
tapes were identical.

As may be inferred from Fig. 7, at 6000 A, resistive
voltages due to the HTS tapes are 70 uV for the + section
and 50 pV for the — section. In total these voltages gener-
ate 0.72 W. Since 20;,(6000 A) — 20;,(0) is only 0.4 W
even after attributing this to the generation at the two bot-
tom HTS/Cu splices, we can confidently conclude that
each HTS section successfully removes this “genuine” dis-
sipation in the current-sharing region without increasing
the heat input to the LHe as does the design calls for.

* LN2 flow rate required for operation agreed with that
given by the design.
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7. Conclusions

The experimental measurements have demonstrated that
key performance data of the new 6-kA HTS-Copper leads
agree reasonably well with those expected from design. We
conclude that this new pair of 6-kA HTS-Copper leads to
be a highly promising alternative for high-current leads
that incorporate HTS.
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