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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., 77 K) 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 experi-

mental measurements have demonstrated that key performance data of the new 6-kA HTS-copper leads agree reasonably well with

those expected from design.

� 2003 Elsevier Ltd. All rights reserved.
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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 sections 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 inte-
grated HTS/copper leads that we believe can be made

affordable should significantly improve the cryogenic

efficiency of these systems. Compactness of the leads

should also facilitate retrofitting existing current leads

with these new leads.
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This paper describes the design procedure, parame-

ters, and performance results of the new 6-kA HTS-

copper leads built by AMI and tested at MIT. The leads

were designed by MIT based on a new concept described

elsewhere [1,2].
2. Design procedure for the HTS section

2.1. Design procedure––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 di-

mensions: width; thickness; and Bi-2223 filling (volume,

in %); (2) critical currents in self field: icðTlÞ where icðTlÞ
is the critical current at the warm end and Ic(@77.3 K

and B? ¼ 0:2 T)¼ 80 A and IcðT0Þ, similarly at 4.2 K,
both at a normal field, B? ¼ 0:2 T corresponding to this

pair of 6-kA leads; (3) Ag–Au alloy: Au content; cross-

sectional area, am; T -averaged thermal conductivity, ~kkm,
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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%] 5.3

Ag–Au cross-section, am [mm2] 0.555

Tape cross-section, atp [mm2] 0.958

icðTlÞ (@77.3 K @B? ¼ 0:2 T) [A] 80a

icðT0Þ (@4.2 K @B? ¼ 0:2 T) [A] 450b

~kkm (4.2–77 K) [W/cmK] 0.327

~qqm (4.2–77 K) [lX cm] 1.0
a 1-lV/cm criterion.
bNote that at 4.2 K the effect of B? ¼ 0:2 T is negligible.
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in the range T0–Tl, and T -averaged electrical resistivity,
~qqm. Table 1 presents these parameters.

Step 2: Bi-2223/Ag–Au quantity. The number of HTS
tape, Ntp, is determined by IcðTlÞ ¼ NtpicðTlÞ. Although

values of Ntp as small as 38 (50%) may be selected for

our HTS section, Ntp ¼ 60, 80% of that (Ntp ¼ 75) re-

quired for a Fully-Superconducting (FullSuper) version

was selected.

Step 3: Current-sharing temperature. Once IcðTlÞ is

selected, the current-sharing temperature of the whole

HTS� section, Tcs, may be determined. For this, it is as-
sumed that IcðT Þ � NtpicðT Þ is a linear function of T ,
decreasing from IcðT0Þ ¼ NtpicðT0Þ to Ntp�cðTlÞ. From this

linear function, we may determine Tcs, such that

It ¼ IcðTcsÞ, where It is the transport current.

Step 4: Design of FullSuper version. First, design a

FullSuper counterpart for a given combination of heat

input Qin and length l. In a FullSuper counterpart, the

entire HTS section operates in the superconducting state
at its rated current. Qin and l are related by [1]:

Qin ¼
~kkmAmhLeCCpl

ln
eCCpðTl � T0Þ

hL

"
þ 1

#
ð1Þ

where hL and eCCp are the helium latent heat of vapor-
ization and the heat capacity of helium, respectively. In

Eq. (1), Am is the total cross-sectional area of the Ag–Au

alloy, given by Am ¼ Ntpam. With hL ¼ 20:4 J/g (liquid

helium at 4.2 K); eCCp ¼ 5:280 J/gK (helium vapor, 4.2–

80 K); T0 ¼ 4:2 K; and Tl ¼ 77:3 K, a value of Qin may

be computed from Eq. (1) for a given choice of l. For
l ¼ 19:5 cm, Qin P 0:065 W at 6-kA. Because for stan-

dard AMI vapor-cooled copper leads rated at 6-kA,
Qin � 7:2 W/lead, reduction in Qin 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

criterion in the design. Here we review a fault-mode

scenario (flow stoppage) for protection of a vapor-cooled

current lead.
We may analyze this scenario by assuming the adia-
batic condition in which Joule heating is converted to

raising the lead temperature [3]:

~qqmðT ÞJ 2
mðtÞ ¼ CtpðT Þ

dT ðtÞ
dt

ð2Þ

where ~qqmðT Þ and JmðtÞ are, respectively, the resistivity

and current density of the matrix; CtpðT Þ is the heat

capacity of the tape (Bi-2223 and Ag–Au); and T ðtÞ is

the matrix temperature. Within an order of magnitude,

we may assume volumetric heat capacities of Bi-2223

and Ag to be equal. With the 58%/42%¼ 1.38 to take
into account the volumetric ratio of this tape, we may

assume CtpðT Þ � 1:38CmðT Þ where CmðT Þ, is the silver

heat capacity and integrate Eq. (2) over time and tem-

perature as given below:Z
J 2
mðtÞdt ffi 1:38

Z Tf

Ti

CmðT Þ
~qqmðT Þ

dT ffi 1:38
DHmðTi; TfÞ

~qqm

ð3Þ
where DHmðTi; TfÞ is the total change in enthalpy of the

matrix between Ti (cold) and Tf (warm). The approxi-

mation from the middle expression to the last expression

in 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 t ¼ 0 (start of flow stoppage) and t ¼ sdel (delay

in discharge action), and second between t ¼ sdel and

t ¼ sdel þ sdis, where sdis is the exponential discharge time

constant. From Eq. (3), we may derive a protection

criterion for an HTS section:

J 2
mosdel þ

1

2
J 2
mosdis 6 1:38

DHmðTi; TfÞ
~qqm

ð4Þ

where Jmo � It=Am is the matrix current density at t ¼ 0.

We apply Eq. (4) to the FullSuper HTS section, which

for Am ¼ 60am ¼ 0:333 cm2 has a value of Jmo ¼ 18:02
kA/cm2. Thus, the left-hand side of Eq. (4), for sdel ¼ 5 s

and sdis ¼ 25:6 s, for example, equals 57.8� 108 A2s/

cm4. The values of 5 and 25.6 s, respectively for sdel and

sdis, corresponds to those specified by FNL for vapor-
cooled 6-kA all-copper current leads.

With Ti ¼ 77 K, Tf ¼ 293 K, and ~qqm ¼ 1� 10�6 X cm,

the right-hand side of Eq. (4) equals 3.6� 108 A2s/cm4

for the enthalpy and density of silver. Clearly, the pro-

tection criterion by Eq. (4) is not met even with 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––left-hand side of Eq.

(4). Because even the total matrix cross-sectional area of

0.333 cm2 for the FullSuperHTS section is inadequate to
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satisfy the condition of Eq. (4) (6-kA), it is necessary to
introduce, in each HTS section, an additional normal

metal (NM) element, thereby reducing Jmo. The total

NM cross-section area, Anm, may be determined from

Eq. (4). By neglecting Am, we may express the left-hand

side of Eq. (4) thus:

It
Anm

� �2

sdel þ
1

2

It
Anm

� �2

sdis ¼
It
Anm

� �2

sdel

�
þ 1

2
sdis

�
ð5Þ

Right-hand side of Eq. (3). The normal metal must

have the following properties.

1. Low T -averaged electrical resistivity, ~qqnm. Note that a

low value of ~qqnm will enhance the right-hand side of

Eq. (4).

2. Low T -averaged thermal conductivity, ~kknm. Note that
~kknm will appear in a new expression for Qin similar to

Eq. (1).

3. Common material and readily available in tape form.

4. Easily solderable to Bi-2223/Ag–Au tape.

The normal metal selected is a commercial-grade

bronze with the following properties.

1. ~qqnm ¼ 2:84� 10�6 X cm in the range 77–293 K;

2.25� 10�6 X cm (4.2–77 K) [4].

2. ~kknm ¼ 0:35 W/K cm in the range 4.2–77 K.

Approximating commercial-grade bronze (Cu–Zn) as

copper from the standpoint of enthalpy and density, we

obtain for Ti ¼ 77 K and Tf ¼ 293 K:

It
Anm

� �2

sdel

�
þ 1

2
sdis

�
6 1:14� 108 ½A2s=cm4� ð6Þ

With sdel ¼ 5 s and sdis ¼ 25:6 s, Anm ¼ 2:37 cm2 for the
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

because 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 superconductor (SC) tape to enhance heat ex-

change performance.

Dimensions of NM tape. A thickness of 0.445 mm 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-cop-
per leads, Tcs is 72.1 K. For FullSuper versions, Tcs 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
included, Eq. (1) is modified to:

Qin ¼
~kkmAm þ ~kknmAnm

� �
hLeCCpl

ln
eCCpðTl � T0Þ

hL

"
þ 1

#
ð7Þ

Eq. (7) gives: Qin ¼ 0:56 W for 6-kA, nearly 10 times

greater than that computed in the Iteration 1 design. The
new values of Qin are still less than 1/10 those of corre-

spondingAMI standard 6-kA vapor-cooled copper leads.

Step 5: Current-sharing regime. The current-sharing

regime spans from z ¼ lcs to z ¼ l (T0 is at z ¼ 0 and Tl at
z ¼ l). Normalized to l, z becomes n, l, to 1, and lcs to
ncs. ncs may be determined by satisfying the following

equation, in which the only unknown is ncs for a given

set of acs and bcs defined below [1]:

exp
acs
2ncs

� �
sin

bcsð1� ncsÞ
ncs

� �
¼ bcsðexp½acs� � 1ÞðTl � TcsÞ

acs exp
acs
2

� �
ðTcs � T0Þ

ð8Þ
where

acs �
_mmhe
eCCplcs

ð~kkmAm þ ~kknmAnmÞ
¼ ln

eCCpðTcs � T0Þ
hL

"
þ 1

#
ð9Þ

where _mmhe is the helium mass flow rate. Because of the

presence of the normal metal element, bcs is modified [1]:

bcs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~qqm~qqnmItðIt � IclÞ

ð~kkmAm þ ~kknmAnmÞð~qqmAnm þ ~qqnmAmÞðTl � TcsÞ
� 1

4

_mmhe
eCCp

~kkmAm þ ~kknmAnm

 !2
vuut

ð10Þ
Step 6: HTS section length. The total HTS section

length, l, may be obviously given by l ¼ lcs=ncs, where
ncs is determined from Eq. (8) and lcs is determined from

Eq. (9) for a given value of _mmhe, which is equal to Qin=hL.
Step 7: Heat exchange requirements. Stable operation

of a vapor-cooled lead, HTS section or copper section, is

possible only when the total required cooling power is

properly heat-exchanged with the active element of the

lead. A parameter that can gauge heat exchange per-

formance is an effective cooling flux, qef , in the lead. qef
may be given by the total cooling power divided by the

total surface area of the element exposed to cooling.
Based on performance of standard AMI vapor-cooled

copper leads, qef value 100 mW/cm2 or less are consid-

ered adequate.

For each HTS section, qef may be given by:

qef ¼
_mmhe
eCCpðTl � T0Þ
Ntplwnm

ð11Þ

where wnm is the NM tape width. In Eq. (11), it is as-

sumed, to enhance heat exchange (or to reduce qef ), that
each SC (superconductor) 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,

Ntplwnm, which represents one half of the total surface of
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NM tapes theoretically exposed to the cooling vapor, is
used to compute qef . The values of qef computed, 20.2

mW/cm2, are well below �100 mW/cm2. If qef values

turn out to be greater than �100 mW/cm2 then it may

require another iteration process.
3. Parameters of 6-kA HTS/copper leads

Table 2 presents key parameters of 6-kA HTS sec-

tions based on the Iteration 2 design: FullSuper in col-

umn 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 Qin as that of the FullSuper versions, is

80% of that required by the FullSuper version related at

the same current.

As inferred from the table, tape length becomes

shorter as Ntp is reduced––more saving of SC is possible.

Because qef is essentially determined by Anm, which in

turn is dictated by protection requirements, it is possible

to reduce Ntp even further than 50% without violating
either protection or heat-exchange requirements. There
Table 2

6-kA HTS sections––Iteration 2

Parameter FullSuper New HTS

# Tapes, SC and NM (Ntp) 75 60

IcðTlÞ (@77.3 K) [kA] 6 4.8

Ag–Au area, Am [cm2] 0.417 0.333

Qin [W] 0.56

NM tape area, Anm [cm2] 2.37

Tcs [K] 77.3 72.1

L [cm] 19.5 19.5

l–lcs [mm] 0 4.6

~qqm; ~qqnm [lX cm] 1.0; 2.25
~kkm; ~kknm [W/K cm] 0.327; 0.35

NM tape widtha [mm] 4.45 4.45

Cooling flux [mW/cm] 20.2 20.2

Required HTS tape amountb 1 0.80
a For tape thickness of 0.445 mm.
bNormalized to FullSuper.

Table 3

6-kA copper section

Parameters Value

Operating range [K] 77–293

Active area, Acu [cm2] 1.19

Active length, lc [cm] 38

Cooling area [cm2] 12,650

Cooling mass flow rate

LN2, _mmfl [g/s] 0.96

_mmfl
eCCflhl [W] 216

Effective heat flux

qef [mW/cm2] 17
have been other attempts to save the amount of SC in
HTS current leads [5].

Table 3 presents key parameters of the copper section

of the new 6-kA HTS-copper lead. Note that this lead

has Qin � 7:2 W at the 77-K cold end, which, when di-

vided by hL ¼ 20:4 J/g (latent heat of vaporization of

helium), gives _mmhe ¼ 0:353 g/s. Since LN2�s latent heat of
vaporization is 199.3 J/g, its contribution is included in

the cooling power and we have: _mmfl � 0:96 g/s.
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 trans-

ferred into the cryostat. The LHe was filled up to a level
just below the HTS/bus–bar junction. Because of a rel-

atively large diameter of the LHe section of the cryostat,

1 cm of LHe level corresponds to �0.8 l of liquid. It was

possible to remove the transfer line from the cryostat

after filling was completed.

As shown inFig. 1, effluent helium vapor from the bath

was forced through the paralleled HTS sections, leaving

from the top ends of theHTS sections at�77K. The 77-K
vapor expelling from each HTS section was guided

through a stainless pipe, remaining 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 sections joined before introduced to a

vapor volume flowmeter to then exhaust from the system.

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 sensor 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. LN2 was introduced at the bottom end of

each copper section. The exhaust vapor from the top

end of each section was heat-exchanged with the ambi-

ent 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 ft3/h, which

corresponds to a designed LN2 flow rate of 4.3 l/h.

4.2. Electrical

Fig. 1 also shows a schematic diagram for the sys-

tem�s electrical requirements for one lead (+). As indi-

cated in the figure, two current ranges were used for
measurement: (1) 0–1000 A and (2) 0–6000 A.

The lead current was measured through the output

voltage of either one of the power supplies. Voltages



Fig. 1. Schematic diagram for both He and N2 flow lines in the experimental setup and the system�s electrical 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. For the sake of clarity, only the flow lines for

one lead are shown.
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measured for each HTS section include: (1) VleadðIÞ; (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. 2 shows a photograph of a pair of 6-kA HTS-

copper leads, each comprised of: (1) copper lead (77 K-

RT); (2)HTS section (4.2–77K); (3) Cu/Nb3Sn composite

bus bar (�4.2 K); (4) coolant (liquid N2) inlet pipes; and
(5) He-vapor exhaust pipes. Note that the helium and

nitrogen are notmixed. EachHTS sectionwas extended at

its cold end with a 30.6-cm long Nb3Sn/copper composite

bus bar. The bus bar, immersed in liquid helium overmost

of its length during operation, was shunted at the other

end with Nb3Sn tape to its companion bus bar.
5. Results and discussion

5.1. Experimental determination of Qin(I)

The total heat input to the LHe in the test cryostat,

QttðIÞ, comprise two components: (1) 2QinðIÞ, the total

heat due to the two 6-kA leads (a factor of 2 for the two
HTS sections); and (2) extraneous sources of heat, ex-

pressed as Qex, which unlike QinðIÞ, is assumed to be

independent of I . In the experiment, _mmheðtÞ was deter-

mined from the time rate of change of the liquid he-

lium level, dzhe=dt, measured with an AMI level sensor.

Thus:

_mmheðIÞ ¼ �Alq~qqlq

dzhe
dt

¼ Qtt

hL
¼ 2QinðIÞ þ Qex

hL
ð12Þ

The negative sign is required because the dzhe=dt is

negative. Where Alq and ~qqlq are, respectively, cross-

sectional area of the liquid helium in the cryostat and

the liquid helium density at 4.2 K. It is quite accurate to

assume Alq ¼ Acy where Acy is the test cryostat cross-
sectional area. Solving Eq. (12) for QttðIÞ, we obtain:

QttðIÞ ¼ �hLAlq~qqlq

dzhe
dt

ð13Þ
5.2. Boil-off and other dissipation data

Fig. 3 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 Qtt,

which comprises 2QinðIÞ and Qex.



Fig. 2. Photograph of a pair of 6-kA HTS-copper leads, each comprised of: (1) copper lead (77 K-RT); (2) HTS section (4.2–77 K); (3) Cu/Nb3Sn

composite bus bar (�4.2 K); (4) coolant (liquid N2) inlet pipes; and (5) He-vapor exhaust pipes.
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Shadow zone. The shadow zone represents Qex of the

test cryostat. This was determined with I ¼ 0 and after

the LHe level in the test cryostat had dropped below the

Nb3Sn shunt at the bottom of the HTS extension. With

no part of the 6-kA HTS-copper leads below the LHe

level, Qex clearly does not contain conductive heat con-

tribution of the leads.

Vlead vs. I curves. Each of the two VI curves, LEAD(+)

and LEAD()), represents dissipation at the HTS/copper

splices, one––at the top and an 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 Qtt at

6000 A was 2.9 W, clearly most of 5.5 W did not enter

into the LHe bath. However, since 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 re-

sponsible for a slight departure of the measured Qtt from

2.5 W for I > 2000 A.

Fig. 4 shows V ðIÞ plot over the range 0–1000 A across

one HTS section that includes both the top and bottom

HTS/copper splices. Because over this current range the
HTS is superconducting, a combined total resistance, 60

nX, for this HTS section, may be considered due almost
entirely to the two splices.

Fig. 5 shows V ðIÞ plots in the range 0–6000 A for the

two HTS sections. For each curve the dashed line cor-

responds to V due to the two HTS/copper splices. The

departure from this dashed line demonstrates appear-

ance of the current-sharing region in the HTS section.

Although each of 60 AMSC Bi-2223/Ag–Au tapes has

an Ic specification of 100 A (77 K; self field), a combi-
nation of variation in Ic received from AMSC and de-

gradation in Ic incurred during the brass strip soldering

process resulted in a large variation in Ic (77 K; self

field), as low as 60 A and some as high as 120 A. Ic is
further depressed by another 20% when the effect of

B? ¼ 0:2 T is included. Therefore, it is not surprising to

observe the current-sharing region occurring 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 the bottom and

top end of each HTS section, within an experimental



Fig. 3. Raw data. The closed circles correspond to QttðIÞ. The shadow
zone represents the measured range of Qex. Each Vlead � I curve rep-

resents dissipation due chiefly to the splice resistances at the top and

bottom HTS/copper couplings in each HTS section.

Fig. 4. V ðIÞ plot in the 0–1000 A range across one HTS section con-

taining both top and bottom HTS/copper splices, within this range,

HTS section is superconducting and the voltage is due almost entirely

to the two splices, which has a combined effective resistance of 60 nX.

Fig. 5. V ðIÞ 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 to purely resistive contribution from the

splices. The departure from each dashed line just indicates the current-

sharing region in each HTS section.
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uncertainly of �0.5 K, were independent of current and

remained, respectively, at 4.2 and 77 K.

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 l/h), which is

equivalent to a room-temperature vapor flow rate of

�100 ft3/h. Indeed, the LN2 supply rate was set to make
the outlet vapor flow rate to be �100 ft3/h during the

measurement.
5.5. Discussion of results

We may derive the following results from the data

obtained.

• From Fig. 3, we may extract 2Qin 6 0:28 W given by

Qttð0Þ ¼ 2:5 W subtracted by the minimum extrane-

ous heat input, Qex ¼ 2:22 W or Qin 6 0:14 W. Be-

cause the design value for Qin ¼ 0:56 W, measured

Qin is 1/4 of the design value. Two parameters appear-

ing in Eq. (5) that were not measured or known accu-

rately are ~kkm and ~kknm the temperature-averaged

thermal conductivities, respectively, of the Ag–Au
substrate and brass. We therefore attribute this

‘‘pleasant’’ discrepancy (Qin measured < Qin design)

to the uncertainties in the value of both ~kkm and ~kknm.
• 2QinðIÞ is nearly independent of I––a slight increase,

i.e., 0.4 W [¼ 2Qinð6000 AÞ � 2Qinð0Þ], observed in

the experiment is due chiefly to a fraction of a large

dissipation taking place at the bottom HTS/Cu splice

in each HTS section. As pointed out above, at 6000
A, the bottom HTS/Cu splice of each section is gen-

erating �1.4 W or a total of �2.8 W. Because each

bottom splice is thermally well connected to its

Nb3Sn bus bar extension, it is reasonable to assume

a fraction of it, �0.2 W/section, enters into the LHe

bath, thus making 2Qin increase slightly with I .
• The temperatures of both the bottom and top ends of

each HTS section are independent of I and remain,
respectively, at �4.2 K and �77 K.
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• As designed, unlike a FullSuper counterpart in which
the HTS tapes operate in the fully superconducting

state, V ðIÞ plots shown in Fig. 5 clearly show that

the HTS tapes in each HTS section of this new pair

of leads operate partially in the current-sharing mode.

Because in an inevitable variation in IcðTlÞ among 60

individual tape, each soldered with a brass strip, tran-

sition to the current-sharing region is not as defined

as it would be if the values of IcðTlÞ of 60 tapes were
identical.

As may be inferred from Fig. 5, at 6000 A, resistive

voltages due to the HTS tapes are 70 lV for the ‘‘+’’

section and 50 lV for the ‘‘)’’ section. In total these

voltages generate 0.72 W. Since 2Qinð6000 AÞ � 2Qinð0Þ
is only 0.4 W even after attributing this to the generation

at the two bottom HTS/Cu splices, we can confidently

conclude that each HTS section successfully removes
this ‘‘genuine’’ dissipation in the current-sharing region

without increasing the heat input to the LHe as does the

design call for.

• LN2 flow rate required for operation agreed with that

given by the design.
6. 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 can be a highly promising alternative for

high-current leads that incorporate HTS.
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