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1. Introduction

A helical cooling channel (HCC) has been proposedsix-dimension (6D) cooling
of muon beams [1]. It is based on a continuous rdesand RF cavities imbedded into
superconducting magnets which superimpose soleheldtal dipole and helical gradient
field components. The HCC for muon collider is ded into several sections, each
section with progressively stronger fields, smaleerture and shorter helix to achieve
the optimal muon cooling rate [2].

For the HCC low-field section, a four-coil helidlenoid (HS) with NbTi cable was
designed, fabricated [3] and tested [4] at Fermifady the HCC high-field section, due to
the high magnetic field, it is suggested to ingege High Temperature Superconductors
(HTS) as the coil structure [5]. Furthermore, tHedavities inside the coil are required to
operate at the temperatures above 30 K (assumisgpga H is used as the absorber),
and there will be very little space to fit the tima insulation and support structure in
between the RF system and the magnets. The us& $fddn solve this problem by
allowing the operation of both the magnets and y&fesn at the same temperature.

Therefore, development of the design and fabrioatechnology of a high-field HS
based on HTS material is critical for realizing raqtical HCC. This note describes the
design, fabricating, and testing of a YBCO basedsd@ment. The note will discuss the
first and second iterations of the HS model. Thet fimodel showed significant
degradation when tested. The cause of the degoadats determined and steps were
taken to address the cause. A second HS modelabasdted using the tape previously
used in the first model, and the second model ltedeffrom the fabrication
improvements and did not show any significant deégtian. The test results are shown
and discussed in the remainder of the paper.
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2. Design and Fabrication Overview
2.1. Conductor selection

Fig. 1 shows the dependences of engineering cumensity g vs. transverse
magnetic field B at 4.2 K [6] for two practical HI®nductors: BSCCO-2212 round wire
and YBCO tape. Since YBCO tape has a strong aoisptwith respect to the field
orientation, the YBCO data are presented for batialkel (//) and perpendiculad] field
orientations. The helical solenoid has quite strorapsverse field components, it is
expected that theg<B dependence in the perpendicular field will detieie the
superconductor performance limit of the coil. Irstbense, BSCCO wire and YBCO tape
have comparable properties.
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Fig. 1. ¢ vs. B for BSCCO wire and YBCO tape.

BSCCO-2212 wire before the final heat treatment lbanformed into multistrand
round or flat cables [7] which then need to be t@éan Oxygen following a very strict
heat treatment cycle. The peak temperature %89@eds to be well controlled (within
0.5°C for ~12 minutes) [8]. This process is presentlydrito achieve making it difficult to
guarantee  magnitude and homogeneity, especially for a largglume of
superconductor. Additionally, BSCCO wires are vespnsitive to the longitudinal and
transverse strain and stress; this imposes additioequirements for the conductor
support structures [9].

In contrast to BSCCO, YBCO tapes do not requirefithe reaction, are flexible in
the easy-bend direction, and show very promisingharical capabilities [10]. Also,
YBCO presently offers better performance at T>30 K with respect to BSCCO-2212
wires [11]. The problem of making multi-strand ealidased on YBCO tapes can be
solved using the ROEBEL cable design [12]. Takintp iaccount the aforementioned
considerations, YBCO tape was selected as theibas®inductor for the HCC high-field
section model.
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2.2. Model Parameters

Fig. 2 shows the assembled mechanical structurheofdouble-pancake unit with
dimensions [13]. The design of double-pancake wlitsvs assembling all the units into
a longer helical solenoid by replacing one sideag& with a connecting flange that
accommodates the splices between units. Moreovermbodular structure of HS allows
for the inclusion of a gap between two units, the gan be used to insert an RF cavity
and feed through [14]. Both assembly configuratiaresshown in Fig. 3.
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Fig. 2. A double-pancake unit support structure
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Figure 3. Assembly of three double-pancake utetft) (Assembly of three double-
pancake units and two cavity boxes (right).

The design parameters for the high field sectiotGfC are shown in Table 1. To
reach the required field components, the HS, withbe cavity gap in between two
double-pancake units, should consist of at leastd@dble-pancake units, making 2
periods of helical solenoid. The scenario thatudek the embedding of RF cavities into
the HS is still under conceptual design.
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TABLE 1 TARGET PARAMETERS FOR HCC HIGH FIELD SECTND
Parameter Unit Value
Helix period m 0.40
Orbit radius m 0.064
Solenoidal field B, T -17.3
Helical dipole,B; T 4.06

Helical gradientdB/dr T/Im -4.5

Maximum field in the coil T 21.0
Coll ID m 0.10
Coil OD m 0.50
Coll length m  0.017
Number of colil per period 24

TABLE 2 HS SHORT MODELS PARAMETERS

Number of Double-pancake Units

Parameter Unit
2 3
Coil ID m 0.10 0.10 0.10
Coil OD m 0.116 0.116 0.116
Number of turns/coill 58 58 58
Predicted duench KA 1.424 1.362 1.348
Maximum Coil // Field T 4.35 4.73 5.06
Maximum Coil L Field T 3.4 3.63 3.68
Inductance mH 1.6 4.32 7.4
Stored energy kJ 1.62 4 6.74

The short models comprised of 1 to 3 double-pancakes were designed and the
fabrication was planned. The conductor used fordbik was SCS12050 Superpower
YBCO tape with a nominal(0T,77K) = 330 A. Table 2 shows the short models
parameters. From Figure 1 it can be seen thati¢lee domponent perpendicular to the
tape will dominate the quench current.
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Fig. 4. Stress distribution in the model and rtsss-section.
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A Finite Element Model (FEM) was used to simuldte forces for a single double
pancake. The inner SS 304 support ring has 10 rdialtthickness, and the outer SS 304
bandage has 2 mm radial thickness. The Lorentzeéosre 40 kN in the transverse
direction, trying to straighten the shifted codsid 76 kN in the axial direction, trying to
pull the coils closer. Fig. 4 shows the stressribigtion in the model. The maximum
stress in the coil is 67 MPa, and 151 MPa in the384& support structure. Note that the
degradation stress for YBCO tape is ~700 MPa, hadield stress for SS 304 at 4.2 K is
~ 500 MPa.

2.3. Fabrication

To wind the double-pancake coils continuously, tggmols of YBCO tape were
connected by soldering the ends of both spoolsitd mm x 28 mm YBCO tape section.
This forms the inner splice of the double pancakee inner splice is glued into the
slotted surface of the support ring. Once the spBcsecured, one spool is clamped to the
to the support structure while the second spoalasinted on the tensioner (Fig. 5). The
winding system is comprised of five pulleys, allogiione to co-wind the YBCO and the
Kapton insulation and adjust the alignment. Aftending the first turn, a G-10 spacer is
glued on the top of the inner splice area. The espasmpensates the flattened region of
the support ring that was required to make theceglrig. 6). During winding (excluding
the first turn) a tension of 133 N (30 Ibs) was leggpto the tape. After 57.5 turns, glue
was applied to both the Kapton and the YBCO andmaoee turn was completed. Wind
another half turn for the outer splice and cutYB€O tape. Put spool 1 on the tensioner
to wind the second coil in the same way.

Tensioner
Winding
Station

Coil
Support
Structure

Fig. 5. Colil winding setup.
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Fig. 6. Side view of one double-pancake model

The outer splice was made by soldering a 12 mm mBbsection of YBCO tape at
right angles to each coil. Ground insulation arslipport bandage were wrapped around
the outside of the YBCO coil. Multiple layers of ptan tape were used for ground
insulation. Outside of the ground insulation 1étuof (0.127 mm thick, 12.7 mm wide)
stainless steel (SS) tape were wound as a suppodage. Finally, two turns of glass
cloth electrical tape were wound outside the S®,tapd epoxy putty was used to hold
the electrical tape position.

A. Insulation

For turn to turn insulation 0.05 mm thick, 12.7 nande Kapton is used to insulate
the 0.1 mm thick, 12 mm wide YBCO tape. Each tufthe coil has one layer of the
Kapton co-wound at the bottom of the supercondugmng the packing factor of the
coil about 66.7%.

For ground insulation, there are 10 turns of 0.06 Kapton on the top of the support
rings, and another 5 turns of 0.05 mm Kapton onttigeof the coil. The support side
flanges are insulated by using 0.5 mm G-10 flangjesed with pieces of 0.025 mm
Kapton sheet.

B. Splicing

Both coils of the double pancake are electricadlgrected through a piece of YBCO
tape (12 mm x 28 mm) that fits into the inner spliecess. Each coil is connected to the
current lead through a piece of YBCO tape (12 mBbxmnm) which is fit in the outer
splice slot. The piece of YBCO tape for the outplice is also designed as the
connection between two double-pancake units.

The splice performance is critical and may be thmeitihg factor in magnet
performance. All splices are made by matching YBsi@ of one tape to the YBCO side
of the other. This avoids the known issue of thestance being higher if one uses the
configuration where the hastelloy is between theCZBlayers. The composition of the
YBCO tape is shown in Fig. 7. Two splice samplesemmade using Sn63%Pb37%
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(eutectic) solder, and tested in liquid NitrogeheTmeasured splice resistance was less
than 40 @ in both cases. Fig. 8 shows the voltage-currentesuof the splices recorded
during the test. Quench happened at about 310 dtlare is 6% degradation on the
splices if L of the YBCO tape is assumed as the constant whiBB30 A along the entire
spool of superconductor.

Copper Stabilizer

Silver Overlayer

(RE)BCO - HTS
(epitaxial)

Buffer Stack
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Thickness:
50 pm Hastelloy® C-276 [100 um for SF12100]

Substrate Yield Strength: SR
1200 MPa at 77 K [650 MPa for 5712100] 232 2030
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Fig. 7. The Composition of the YBCO Tape
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Fig. 8. V-l curves at 77 K for the splices.
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2.4.Voltage Tap, Current Leads and Pre-test Electrical M easurements

The map of voltage taps to monitor the voltagecustent on different sections of the
magnet is shown in Fig. 9. VT1 and VT2 were soldevato the inner splice. VT3 and
VT4 were soldered onto the outer splices. VT5_QBD ¥n6_QD were soldered onto the
turn before the last turn of each coil.

Bottom Coil

Top
Coil

Fig. 9. Map of the Voltage Taps

To test the coils at 4.2 K (with a ~1.4 kA predéttguench current), two pieces of
NbTi wire were soldered to the outer splice of easthas the current leads. One end of
the wire was wound into spiral shape to increase dbntact surface area and then
soldered to the outer splice. A G10 presser wasnalsied to provide support. Three
pieces of 1 mm diameter copper wire were twisteth whe NbTi wire to increase the
rigidity of the leads. The other end of the wireswsmldered to the probes concentrated
current lead. Fig. 10 shows the current leads solgi@rocess.
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Concentrated Copper
Current Lead Probe

Fig.10. Soldering NbTi Wires as Current Leads

Magnet inductance, resistance, and Q value weresuneéh A high potential test
(hipot) from coil to ground was performed to chdble insulation. The measurement
results are shown in Table 3. For quench protectiae to the low inductance and stored
energy it was determined that an external dumst@swas not required, a concentrated
current lead with a resistance of 1.&mvould be a suitable substitute for an external
dump resistor during the magnet excitation. (A moaeeful study on this subject was
done for the next improved model, which will be windater in this note.)

Table 3. Pre-test Electrical Measurements

Magnet Inductance 100 Hz
1 kHz

Lsl =617.76 pH, Ls2 = 634.12 pH
Lsl = 397.14 pH, Ls2 = 408.54 pH

Magnet Resistance

R1 =0.684 , R2 = 0.681

Q value @ 100 Hz
@ 1 kHz

Q1=0.19, Q2=0.20
Q1=0.77,02=0.78

Hipot Test: Coil - Gnd

1000 Volts, 1 < 0.1 pA
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3. Test Overview and Results
3.1. Test Overview

The magnet testing was performed using a new ddwen Oxford Instruments.
After an appropriate flange was designed and mahwufed, and pressure vessel
calculations were performed, permission to opefsiteer sticker) the non-ASME vessel
was obtained, following this pressure vessel t@ste done.

For testing in the dewer, the double pancake meds assembled and clamped
between two G10 plates that attached to the tamgdathrough four SS rods. After
measuring the magnetic field at 1.5 A at room tepee, the whole testing probe was
inserted into the dewar, shown in Fig. 11.

Fig.11. Final Assembly into the Testing Dewar

In order to test up to the 1.4 kA predicted quecetrent two Agilent 6680A (0-3.5
V, 0-1000 A) power supplies were used, when opdratgether they can provide 2kA. A
National Instruments NI-PCI 6289 18 Bit 500Ks/settdMAQ Card was procured and
installed for data acquisition. Additionally, a Matal Instruments SCXI-1125 8 Channel
Analog input channel 4 Hz, 10 KHz configurable Ipass filter was used for signal
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conditioning. A current ramp routine was designed to minimizeentr step sizes using
5-50 ms time steps.

Based on the voltage taps inside the magnet, xhdasa acquisition channels listed in
Table 4 were used to monitor the voltage as theenuwas ramped. Due to the very low
quench propagation velocity of YBCO tape, it isdequate to use a conventional quench
detection voltage limits to protect the magnettHis and subsequent tests, the current
was automatically stopped at voltage levels thatranch lower than the critical voltage.
Once the transition of the V-1 curve was confirmélde power system was stopped
manually. One problem happened during the beginafrifpe test that the noise level in
Channel 1 and Channel 2 reached 300 pV, highertti@athreshold, so the signal was
then bucked between these two channels, reducéngdise level to 5 pV.

Table 4. Details of Data Acquisition Channels

Channel # Section based on Voltage Tap Description
1 VT1-VT5 QD Top coil: inner splice + 57.5turng
2 VT2-VT6 QD Bottom coil: inner splice + 57.5turns
3 VT3-VT5 QD Top coil: last turn + outer splice
4 -- Current lead (+) to Current lead ()
5 VT4-VT6_QD Bottom coil: last turn + outer splice
6 VT3-VT4 Two Coils

3.2. Field M easurement at Room Temperature

The magnetic field of the model was measured amroemperature. The sensor
located at the end of the probe was placed at ¢n¢ec of the bottom coil, shown in
Figure 12. The measurements are shown in Figurevh®&h are consistent with the
results calculated from the simulation.

Fig. 12. Magnetic Field Measurement Setup
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Fig. 13. Magnetic Field Measurements at Room Teatpes

3.3. Magnet Performance at 4.2 K

The first double pancake was tested in helium usiegaforementioned probe and
dewer setup. The test was performed three timdbheasame ramp rate 0.5 A/s. The
signal shown in Figure 14 was the bucked signaheftwo coils (subtracting Channel 1
from Channel 2). All the quenches happened in tto coil due to the negative signal,
at around 285 A, 20% of short sample limit at 4.2 K
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Fig. 14. Quench Started Earlier during the Tegt 2K
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To get more information about the quench, an amlthli test was performed. The
guench diagnostic test involved pausing the powpply at different current during the
guench to let the system respond with the currelat bonstant. The results are shown in
Figure 15. The voltage signal remains at the sawel lwhen the current is paused
indicating the quench was not due to the mechadefaict. If the quench was initiated by
a mechanical effect one may reasonably expectydtera would recover in the absence
of the effect. Moreover, a ramp rate study at 1 &/8/s and 5 A/s was also performed.
The transition happened at ~285 A for all threeesashown in Figure 16. Due to the
limitation of the power supply, the ramp rate cango higher than 5 A/s. The results
indicate that one or both of the coils sufferedrddgtion during the fabrication process.
The degradation location and its reason were duwathel discussed in the following.
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Fig. 15. Pause during Quench
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Fig.16. Test at Different Ramp Rate

3.4. Splice Resistance

There are four soldered splices in the model, mvee splices and two outer ones.
The resistances of the outer splices were measiineng test at 4.2 K, shown in Figure
17. The resistance of the top coil outer splicd84 2, much higher than the average
resistance ~40( of the splice samples, however, this was not these of the quench in
the bottom coil.

QOuter Splices
120

100
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p Splice Resistance:
484.1 nQ)

g

2 1

Voltage (10° V)
&

y=0.0271x - 17.287

Splice Resistance:

-40 - 27.1nQ)
Current (A)

Fig. 17. Resistance Measurements for Outer Splices
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4. Post-Test I nspections and Study

There were several concerns about using superagideooling the magnet down too
quickly. The super glue applied on the surfacéneftape during winding and fast cooling
rate when cool the magnet from room temperatude2d may degrade the conductor in
cold test due to different thermal shrinkage of enats in the magnet. In the post-test
study, the location and the reason of the deg@datere found and discussed.

4.1. Inspection

YBCO HSMO1 was removed from the test facility, tlsedde flanges were
disassembled so that both coils can be visuallyeased. The outer splice of the top coll
was found to be badly deformed. The deformatiorulted in the high observed
resistance, shown in Figure 18. The top G10 flamgs attached to the coil only by
tightening nuts in four rods, which needs to berowed for the next model.

Fig. 18. Deformation on the Outer Splice of ToplCoi

The coil was observed under the microscope, showfigure 19. Too much super
glue was used when put the G10 spacer on to tlee gplice area, causing bending of the
inner most turn of the coil, shown in the righttpie. Controlling the amount of the super
glue is strongly suggested for the next model pfeswglue is still used.
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4.2. Degradation L ocation and Reason

YBCO HSMO1 showed significant degradation in th2 K test. A 77 K test was
performed on the double pancake, which showed stamgi degradation. For the 77K
test, copper leads made of multilayer copper shmase soldered to the outer splices,
replacing the NbTi wires. During the test, the dats recorded 2.5 s after the current is
ramped up each time, so that the high level neigbe signal of both coils was avoided.
The long data sampling rate was considered acdepiralthis test since the current is
much lower, the results are shown in Figure 20. Bdkom coil quenched at around 28
A. The short sample limit at 77 K is about 100 A.
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-40
Current (A)

Fig. 20. YBCO HSMO1 Test at 77 K

The first step, two more voltage taps were soldéodtie last two turns of the bottom
coil where the super glue was applied. The testitr@sdicated that the degradation was
not in this area. There is enough pre-stress froenwinding tension and the outside
bandage that will prevent the separation of twagwturing cooling down. The second
step, the bottom coil was unwound and rewound. maurewinding additional voltage
taps were inserted, the additional voltage taps maeehanically pressed due to the
winding tension. Following the rewinding the doubplencake was retested at 77 K, the
location of the degradation was narrowed down t itimer splice plus the conductor
under the G10 spacer. The third step, both coileewmwound, and the inner splices
were cut and tested at 77 K. The test result isvehm Figure 21. The degradation
location was pinpointed at one edge of the innécesp

Two possible reasons for the inner splice degradatiere suspected. The first one is
the splice soldering temperature. The solderingpegature should be kept below 250 °C
(recommended by Superpower), however, for theainitiodel there was no temperature
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control during splice soldering. The second conceas the splice area design and
winding technology, shown in Figure 22. It is pb#sithat high stress could be applied to
the edge of the splice during the winding.
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Fig. 21 Inner Splices Test at 77 K
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Fig. 22. Possible Reason for the Degradation: Stescentration

Two sets of inner splice samples were soldered vby different technicians.
Technician 1 controlled the soldering temperaturé gechnician 2 did not control the
soldering temperature (higher than 250 °C). Fooeiirsplice samples were tested at 77
K, following this benchmarking, the splices werenbend pressed during the coil
winding process and retested at 77 K. No criticattent (Ic(77K,SF)=360A) degradation
occurred in any of the samples. However the resistaf the splice from Technician 2 is
higher than the one from Technician 1, which isvaihan Figure 23. To avoid the
unexpected degradation, controlling soldering temapee is highly recommended.
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Fig. 23. Resistance of the Inner Splice Samples
4.3. Single Coil Winding and Test

The YBCO tape used in the model was wound and und/several times. To verify
the tape’s performance, the two coils needed tintbependently testable. The top and
bottom coils were re-wound and copper leads weldessd to YBCO inner and outer
splices. The water cooling system was used durg soldering to reduce the heat
transferring into the coil. The top coil was tesfedt in liquid nitrogen. Inner splice
showed an acceptable 61 mesistance and no degradation, whereas the our o
despite the low resistance, started to show vol@ageind 80A, ~65% of SSL. The
bottom coil was then tested. No degradation ocdumeany of the splices. The test
results for both coils are shown in Figure 24. @ahhg soldering temperature for
splices and copper leads can improve the coil pedace.

From the post-test study, the degradation locatiaa found. It was determined that
soldering temperature was the most likely reason tfee degraded performance.
Soldering splices by hand increases the chancegrfadation (and can cause issues in
terms of reproducibility). Additionally, it was fod that the YBCO tape could be
unwound and rewound ~10 times without introducingniicant or measureable
performance degradation.
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Fig.24. Top and Bottom Coil Test Results at 77 K
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5. YBCO HSM 1.1 Fabrication and Test

While the basic winding procedure remained the saseeeral improvements were
introduced into the soldering component of the itstion procedure. The first
improvement was the introduction of the solderimgufe to make the splices. This
allows for control of pressure, temperature, arts an reproducible splice production.
The second improvement relates more to the teginogedure than the fabrication
process. The G10 presser was replaced by a cqpesser for the outer splice. This
allows a pressure contact to be used for testirty & and reduces the number of times
the outer splice needs to be soldered. During maivwg and rewinding procedure,
several turns of YBCO tape were lost, so theréartirns each coil for HSM1.1.

5.1. Splice Soldering Kt

To make splice soldering more reproducible, a soldekit was machined using
some existing aluminum parts, shown in Figure ZsurFoolts and springs are used to
adjust the soldering pressure. 5 mil tin sheeteewsed as the solder. During soldering,
the top plate is heated up, and the soldering testyoe 200°C can be controlled by
monitoring the temperature of the aluminum bar. ©itcreaches 200°C, turn off the
power and cool down the top plate by using pied¢etooh soaked in the water.

Fig.25. Splice Soldering it .

Tape 1 Tape 2

| i (RE)BCO side to
, /H\ =S”b5trate side
Splice
Single Sp"ce (RE)BCD side to Double Spllce
(RE)BCO side

Fig.26. Sketch of Single and Double Splice

Several splice samples, including single splice dowble splice shown in Figure 26,
were made and tested. The results are shown imé=@ji. The critical current for the
YBCO tape is in the range of 330 A ~ 360 A, duecomductor consistency. From the
results, both single splice and double splice red&hort sample limit. The resistance for
each splice is in between 53and 891.
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i
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Fig.27. Test Results of the Splices Made by Saidekit

5.2. Copper Presser

G10 pressers were designed to support the ouieesgor the first model and current
leads were soldered to the splice to power the etagvhich damaged the outer splices.
Therefore, copper pressers were machined, repldha@s10 pressers, shown in Figure
28. Two pieces of indium sheet were inserted iwbeh the copper pressure and the
outer splice to enlarge the contact surface, wbahlower the resistance by one order of
magnitude. The copper current leads can be solderén® presser instead of the splice to
protect the splice from soldering damage.
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Fig.28. Copper Pressures Attached to the Model
5.3. Test Instrumentation and Pre Electrical Test

To monitor the model performance, 12 voltage tapsewnstalled, and the map is
shown in Figure 29. Voltage taps VT3-VT6 have a Inagdcal contact to the conductor,
the rest were soldered. The electrical contactshiervoltage taps were checked, shown
in Table 5. Voltage taps VT1-VT3 cannot be used tuthe disconnection (no readings
during the measurement).

e
{/“/‘/j:}‘\

Fig.29. Map of Voltage Tap
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Table 5. Pre-test Electrical Measurements

Magnet Inductance 100 HA..425 mH
1 kHz0.704 mH
Magnet Resistance 1.32Q
Q value @ 100 Hz 0.64
@ 1 kHz 0.98
Hipot Test: Coil - Gnd 500 & 1000 Volts
| =0.014 pA

5.4. Short Sample Limit

The nominal critical current of 12 mm YBCO tape7atK is 330 A. The expected
current for HSM1.1 was limited by the field companéhat was perpendicular to the
tape, and this perpendicular component is causethéyfringe field of the solenoid
shown in Figure 30. Figure 31 shows the load lihthe model across theVs. B curves
at 4.2 K (based on the measurements [15]) and 77{sdaled down from the
measurements taken at 4.2 K). The short samplé dithe model is 103 A at 77 K, and
1468 A at 4.2 K respectively.

-2.729
-2.113
-1.498
-.882695
-, 267298
. 348098
. 963494
1.579
2,194
2.81

BUCORCCEN 2

Fig. 30. Magnetic Field Radial Component Distribat{Perpendicular Field to the Tape)
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3000 -+
& T=42K
2500 ~ # BrlLoad Line
—2000 - TR
<
£ 1500
5
“ 1000
500 4
0 4
0] 3 6 9 15
Magnetic Field (T)

(a) Model Load Line at 4.2 Kand 77 K

350
300 1 ——Br Load Line
250
. ——|c(77K,5F)=3304
<200 -
T
2150 -
5
“ 100 -
50 -
D T T T
0 100 200 300 400
Magnetic Flux Density B (102 T)
(b) Model Load Line at 77 K
Fig.31. Current Short Sample Limit for YBCO HSM1.1
55. Test at 77K

YBCO HSM1.1 was dumped into the cooler box filledwith liquid nitrogen. Six
channels for the data acquisition monitored diffiérportions of the model, shown in
Table 6. The threshold for quench protection wasaséess than 100 uV. The test result
is shown in Figure 32. The data were trimmed byraghing the resistance components,
shown in Figure 33. The transition started at 90~87% SSL, in the inner splices
section. The total resistance in the two innercgglis 174 . The resistance of the outer
splice is 61 @ in coil 1 and 148 @ in coil 2. The curves for both coils with slope in
Figure 32 indicate that there was some resistanctha superconducting coil. After
testing with a higher ramp rate, the slope of tineve became higher, which indicate that

the current ramp rate was not constant and thag®elvas generated by the inductance of
the coil.
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Table 6. Details of Data Acquisition Channels
Channel # Section based on Voltage Tap Description
1 VT8to VT7 Coil 1: Outer splice
2 VT7 to VT4 Coil 1: Last turn to"turn
6" turn of Coil 1 + inner splices +
3 VT4 1o VT6 6™ turn of Coil 2
4 -- Current lead (+) to Current lead (-)
5 VT6 to VT9 Coil 2: § turn to last turn
6 VT9to VT 10 Coll 2: Outer splice

100

Coil 1 Cuter Splice

=]
=]

Cails o an Coalt
Tt Gt et e

50 per. Mov. Avg. (Inner Salices + 6 turns/coil)

=]
=]
|

=50 per. Mov. Avg. (Coill_7th-51th)

=50 per. Mov. Avg. (Coil2_7th-51th)

Voltage (105 V)
[ =3
[==] (=]

o

(l] 10 20 30 40 50 60 70 80 90 100 110 120

R
=)

Current (A}
Fig. 32. HSM1.1 Test Results at 77 K

80 1 Bucked Signal of two coils
70 1 Inner Splices+6turns/coil
60 - Coill Outer Splice

50 Coil2 Splice

40

Voltage [10°V)

-10 10 20 30 40 50 o0 70 80 S0 100 110 120

Current (A)

Fig. 33. HSM1.1 Trimmed Data Results
5.6. Quench Protection

Quench protection is the critical element to satelt the model at 4.2 K where the
expected SLL is ~1.4 KA (the total stored energynily around 1.33 kJ).
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The Teslatron 2 test station in the SCR&D Lab isigoged with two power supplies
Agilent 1000A 3.3 Volt operating in parallel for tatal of 2000 A. The current is
delivered to the load through four ERIFLEX flat &zbfor a total impedance of 0.5
shown in Figure 33. The inductance of the modabisut 1.5 mH.

Lesd™ 0,25 mQ

LoAD~1.5mH

Lead™ 0.25 mQ

Fig. 33. Circuit of the Current Test Station Setup
To provide safe current decay time constant of ~then testing the HTS helical
solenoid, a resistance of 1.50Qnor more is required in series with the load anel th
capability to deliver a current to up to 1400 Atif@sted short sample limit). Whereas the
latter requirement is fulfilled by the 2000 A manrient, the former would be met only
with a resistor of at least 1¢nbetween the current leads and the load. The \&ltiee
resistance to be put in series is also limitedheyrhax PS voltage as follows:
3.3 Volts= R* 1400
R=3.3/1400=2.35 1

The requirements of the resistance (Q,n2 KW) are almost impossible to be
fulfilled with a commercial resistor. However, thegn be met by using four 15 feet long
copper welding cables of 3/0 gauge with FLEX-A-PREMolation as resistors, and
connected as shown in Figure 34.

370 Copperwire ~ 1 mQ
Lead~ 0.25 m .

340 Copperwire ~ 1 mi

LoAD~1.5mH
30 Copperwire ~ 1 mQ

Lead™ 0.25 m0

3/0 Copperwire ~ 1m0

Fig. 34. Add Copper Cables as the Resistors i@ lihcuit.

Table 7. Cable Ampacity
SUGGESTED AMPACITY FOR WELDING CABLE

GAUGE 50 1000 125 150" 175 200 225 250" 300" 350
#1100 100
#3 150
#2 200 150 100 100
#1 5w 200 150 100
1/0 350 250 200 150 100 100
2/0 *=fw 300 250 200 150 100 100 [
3/0 500 *™f= 300 250 200 150 150 100

440 few fwe e 300 250 200 200 150 150 100
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Table 8. Maximum Allowable Voltage and Temperature
CABLE
proPerTIES FLEX-A-PRENE" VERI-FLEX
Voltage: 600 600
Low Temp: -S0PC 40°C
High Temp: +105°C +90°C
Durability: Heavy Duty All Purpose

The resistance of each cable is almost @ and the ampacity from the cable
company is shown in Table 7. The maximum allowatllé#age and temperature of the
cable to be used (FLEX-A-PRENE, heavy duty) arereal in Table 8. An extrapolated
value of the ampacity (667A) for a 15 feet longleab plotted in Figure 35.

ampacity

800

700

'\667 A

600

500 \

~ ) \
200 L

100

y = 776.3Ge000%
R?=0.9973

Ampere
iy
(]
(=]
/

0 25 50 75 100 125 150 175 200

Feet

Fig. 35. The ampacity for a 15 feet long cable

A test of the four cables has been done in the & Rab in order to measure the
max temperature and evaluate the possible hazarisgdthe solenoid test. The cables
have been connected and instrumented with 12 Tygherocouples as shown in Figure
36. A current of 0.5 A/s has been ramped in ther foables and the temperature
continuously monitored and acquired with a KeithB800 multimeter. A temperature
limit of 90 °C, which is 15 °C below the max alladveable temperature, has been set as
threshold to shut off the power supply. As showrFigure 37 and Figure 38, the max
current reached 1.4 kA, which is the expected thertssample limit of the helical
solenoid.
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TC Busl TC Center 1 TGP
Eriflex Leac - y
TC Bus 2 TC Center TC Platel2
TC Bus 3 TCCenter3 gCopper Plal
Eriflex Leac - . .
TC Busl TC Center 1 Fiate 1

Fig. 36. Cable Test Circuit

According to the “Fermilab manual ES&H 5046 Low wagle, High power Distibution
systems” guidelines’High currents, coupled with lack of adequate oveurrent
protection and/or undersized conductors, can leadoverheating of the conductors
between source and load, thus presenting a firattéiz As the test has shown, the risk
of fire will be satisfactorily mitigated with theoatinuous presence of personnel during
the test, the relative short time of the test (5@utes) and, more importantly, with a
continuous monitoring of the temperature alongdhlkeles and the automated shut off of
the power supply when the temperature reachesthsttold of 90 °C.

100

Plate 1

—Center 1
90
e

—Plate 2
80

—(Center 2
20 g 2
—Plate 3
— Center 3

Bus 3

60

50 —Plate 4

= Center 4

Temperature[2C]

40 Bus 4

30

20
10

0
0 200 400 600 800 1000 1200 1400 1600

Current[A]

Fig. 37. Cable Test Result: Temperature vs. Current
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'Fig. 38. Cable Test Result: Temperature vs. TimteGurrent

5.7. Test at 4.2K

The model was warmed up after the 77K test and placed into the dewer and
cooled down with liquid helium. During the test&aP K, the inserted voltage taps lost
the contact to the YBCO tape, causing signal sgdk®wn in Figure 39). The signal
spike exceeded the original test plan thresholdrder to overcome such issues the data
acquisition system had to be modified. Table %lisie monitoring details for the coils
and the corresponding protection.

1000 -
= |nner Splices
800 -
600 -

400 -

200 -

Voltage (107 V)

D I ™ T 1
200 400 600 1000 1200 1400

L=

=200 -

Current (A)

Fig.39. Signal Spike due to the Contact VoltagesTap
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Table 9. Modified Data Acquisition Channels for Tas4.2 K

Channel # Section based on Voltage Tap Description
1 VT8to VT7 Coil 1: Outer splice
2 VT7to VT9 Two Coils

6" turn of Coil 1 + inner splices +

3 VT4 1o VT6 6™ turn of Coil 2
4 -- Current lead (+) to Current lead (-)
5 VT6 to VT4 Reverse of CH3
6 VT9to VT 10 Coll 2: Outer splice

The power supply was configured to shut down autmaidy at 1400 A. This limit
was due to the safety issue of using four 15 feeq lcopper welding mentioned above.
The voltage vs. current data acquired from CH1, @HA@ CH6 are shown in Figure 40.
The resistance of the two outer splices is @7amd 141 R, respectively. The resistance
of the two coils including two inner splices is 1i4.

20 Coill Outer Splice

CoilZ Duter Splice

25
— [ D per Mov. Avg (Two coils with inner splices|

20

135 ¥= 1.74E-02x- 2.22E+00

10 y=1.41F-02x- 6.98E-01

Voltage (10" V)

¥=1.69E-03x- 6.B6E-02

e———

—

400 600 800 1000 1200 14300
Current (A)
Fig.40. Data Acquisition and the Resistance of Ealchnnel

200
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20.0 Coill Outer Splice

Two coils with inner splices

=

bl

=]
|

Coil2 Outer Splice

—— 10 per. Mov. Avg. (Two coils with inner splices)

=

e

=]
1

Voltage (10°° V)
(¥, ]
=

Current (A)

Fig.41. Processed Data on Each Channel

The data from each channel was trimmed by subtgathie amount V = RxI (R is the
resistance, | is the corresponding current) to nthketransition easier to observe. The
processed data is shown in Figure 41. The tesheeat.4 kA, however the transition
started in the coils at around 1.2 kA, about 82%.S3he V-1 curves bend at the
beginning of the test, which indicates the supedacativity of the soldering material,
Sn63%Pb37%, at low field/current. Figure 42 shows performance comparison

between the two magnets.

30.0 - Coill Outer Splice
Coil2 Outer Splice
25.0 - — 10 per. Mov. Avg. (Two coils with inner splices)
— 10 per. Mov. Avg. (HSM1 Test)
20.0 -
>
S 15.0 -
=
)
LE 10.0 -
=]
=
5.0
0.0
600 g 1400
-5.0
Current (A)

Fig. 42. The Performance Comparison between HSMAdIHSM1.
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5.8. Test at 77 K Again

The model was warmed up to room temperature amal téwsted in liquid nitrogen.
The performance of the magnet is shown in FigureMBthe data were trimmed. The
transition started at ~90 A in the inner splicestis®. The performance comparison with
the first test at 77 K is shown in Figure 44. Ngelation occurred during test at 4.2 K.

30 - Bucked Signal of two coils
25 - Coill Outer Splice
Coil2 Outer Splice
; 20 — 10 per. Mov. Avg. (Inner Splices + 6turns/coil)
ué 15
i
w10
-
o
= 5
0
.5 10 20 30 40 50 o0 70 80 90 100 110 120
Current (A)
Fig. 43. Magnet Performance at 77 K after One Tlaé@ycle.
80 1 — 15t at 77 K_Bucked Signal of two coils
70 1 — 15t at 77 K_Inner Splices+&turns/ coil
_ 60 - 2nd at 77 K_Bucked Signal of two coils
U;:? 30 - 2nd at 77 K_Inner Splices+&turns/coil
o
= 40
w0 30
)
© 20
-
10
]
-10 10 20 30 40 50 e0 70 80 90 100 110 120
Current (A)

Fig. 44. Performance Comparison between Two Tésts &

The comparison of the resistance measured at @ifféemperature is listed in Table
10. The resistance of Coil 1 outer splice becamehmower at 4.2 K than that at 77 K,
from 60.6 €2 to 17 2. When the model was tested at 77 K again, thetessie of the
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outer splice changed back to 6Q.rThe other splices did not change too much duaihg
the tests. The resistance of the splice needs stody and analysis.

Table 10. The Comparison of the Resistance Measiréd K and 4.2 K

Resistance| Resistance | Resistance
at 77 K () | at 4.2 K (82) | at 77 K (1)
Coill Outer Splice 60.6 17 60
Coil2 Outer Splice 148 141 144
Inner Splices 174 174 155
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6. Conclusion

The T helical solenoid double-pancake model was fatettatnd tested at both 77 K
and 4.2 K successfully. The fabrication technologgluding splicing and winding has
been developed. The quench protection for testingt.2 K has been studied and
developed. The model reached the reasonable penfaen

The YBCO tape used in thé' nodel was unwound and rewound several times, and
no degradation was found in the tape.
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