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A B S T R A C T

Residual resistance ratio (RRR) of superconducting strands is an important parameter for magnet electrical 
stability. RRR serves as a measure of the low-temperature electrical conductivity of the copper within a 
conductor that has a copper stabilization matrix. For Nb3Sn, due to the need of a reaction heat treatment, the 
technical requirements for high quality measurements of strands extracted from Rutherford cables are particu
larly demanding. Quality of wire, cabling deformation, heat treatment temperature, heat treatment atmosphere, 
sample handling, and measurement methods can all affect the RRR. Therefore, as an integral part of the electrical 
quality control (QC) of Nb3Sn Rutherford cables manufactured at the Lawrence Berkeley National Laboratory, it 
was prudent that we established a RRR measurement system that can isolate the assessment of cable-fabrication- 
related impacts from sample preparation and measurement factors.

Here we describe a bespoke cryocooler-based measurement system, capable of measuring RRR of over 80 
samples in a single cooldown. The samples are mounted on custom-designed printed circuit boards that 
accommodate the shape of strands extracted from a Rutherford cable without added deformation, which we will 
show is critical in ensuring that the measurements accurately represent the RRR values of the conductor within 
the cable. Using this sample mounting solution, we routinely measure the overall RRR of the strand as well as 
individual intra-strand sections corresponding to both cable edges and cable broad faces with high reproduc
ibility. Such measurements provide valuable information on the variation of RRR along the length of the strands 
as well as across strand productions and cable runs over time.

1. Introduction

High critical current density, or high-JC, Nb3Sn conductors are liable 
to experience magneto-thermal instabilities at low magnetic fields 
leading to flux jumps [1]. This may be a problem if it leads to premature 
magnet quenches while ramping the magnet current. The propensity for 
flux jumps depends on a variety of parameters, including critical current 
(IC), strand diameter, effective filament size, and the RRR of the stabi
lizing copper [2,3]. The high-JC Nb3Sn wires for accelerator magnet 
applications typically have a distributed diffusion barrier design with a 
large effective filament size, such as the RRP® design made by Bruker 

OST. RRR for Nb3Sn is defined in the IEC 61788–4 standard [4] as the 
ratio of conductor resistance at 293 K to its resistance just above the 
superconducting transition, TC: 

RRR = R293K/RTc (1) 

RRR measurements on wires are often made by a direct current (D. 
C.) 4-point technique on a holder attached to the end of a probe that is 
inserted into a liquid helium dewar, lowered slowly down the temper
ature gradient until the sample is superconducting, and then raised 
slowly back above TC. Alternatively, the samples may be placed in a 
dedicated cryostat in which liquid helium is transferred and allowed to 
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slowly vapourise for the temperature to rise gradually. The samples may 
be a short straight sample with a voltage tap distance of a few mm [5] or 
a small coil about a metre long [6], and the holder may have a flat 
backing plate with a cover [7], a pair of cylindrical half shells [8], or 
may be free standing [9].

Studies have shown that RRR values below ~ 100 [1–3] have an 
increasingly deleterious effect on the stability of conductor stands, 
either standalone or as incorporated in cables and coils in accelerator 
magnets. Nb3Sn conductor needs a heat treatment to form the super
conducting phase, during which time Sn can diffuse into the stabilizing 
Cu, causing an increase of the residual resistance, thus degrading the 
conductor’s RRR value. It is often the case that the strand and cable 
designs and the heat treatment parameters require a balancing act be
tween RRR, JC and the irreversible strain limit [10]. For example, the 
High Luminosity upgrade of the Large Hadron Collider Accelerator 
Upgrade Project (HL-LHC AUP) adopted a strand design that has a 
slightly reduced Sn content in order to boost the RRR at the expense of 
only a marginal reduction of critical current [11]. Experiments have also 
shown that the critical current of Rutherford cables can be well esti
mated by that of individual extracted strands, and the RRP® strand type 
has a predictable ~ 5 % JC degradation, thus allowing extracted strand IC 
to be routinely used for quality control (QC) in lieu of the more 
expensive whole-cable IC measurements [12]. However, despite limited 
IC reduction, if RRR degradation is significant, reduction of the stability 
current, IS, may pose a performance issue [13]. Therefore, RRR mea
surements on extracted strands are integral to the electrical quality 
control (QC) of Nb3Sn Rutherford cables.

When measuring the RRR of the wires extracted from Rutherford 
cables, it is important to consider the non-uniform deformation along 
the wire length [14]. During Rutherford cable fabrication, the strands 
experience significantly greater plastic deformations at the cable edges, 
where the strands transition from one broad face layer to the other, than 
on the broad faces. Moreover, if the cable has a non-zero keystone angle, 
across its width the thickness is not identical, with one side more com
pacted and deformed (minor edge) than the other (major edge). At the 
cable edges (where individual strands are “kinked”), the subelements 
within the wire exhibit the most severe shape distortions [15]. The 
subelement distortions increase the chance of thinning or rupture of the 
diffusion barriers, resulting in the Sn in the subelement diffusing past the 
barrier (i.e. leaking) into the Cu stabilizer. Even in minute amounts 
below standard chemical detection limits, Sn leaks can “poison” the high 
purity Cu to cause a noticeable increase in the amount of lattice scat
tering and electrical residual resistance at cryogenic temperatures, thus 
significant suppressing the RRR [16]. When the Sn leak is only at the 
cable edge, the severity of local degradation of RRR may not be correctly 
assessed by a RRR measurement over the entire length of an extracted 
strand that includes both the kinked and straight sections. For this 
reason, we have chosen to measure the four characteristic segments in 
each extracted strand individually: the kinked major and minor edges, 

and the straight sections along the top and bottom faces of the Ruth
erford cable (see Fig. 1).

Given the short voltage tap distance needed to measure the local 
resistance at the cable edges, a highly reproducible process is necessary. 
For this reason, we investigated the effects of different aspects of sample 
preparation and measurement methodology. In this paper, we report 
how our approach to preserve the deformation state of the strands after 
the extraction from a Rutherford cable can yield RRR values represen
tative of the local status of the strands within a Rutherford cable.

2. System design

The following subsections show an overview of the system, including 
the mechanical, vacuum, cryogenic, and electrical components, as well 
as the temperature control, measurement, and data acquisition and 
interpretation.

2.1. Mechanical, vacuum and cryogenic components

The system comprises a large, outer stainless steel vacuum vessel / 
cryostat “shell” supported by an aluminium extrusion frame and an 
inner aluminium “can” that thermally shields a copper sample board 
carrier (see Fig. 2). The top of the cryostat (“RT (room temperature) top 
plate”), which also supports the cryocooler and contains two KF-50 and 
six KF-40 ports for the vacuum valves and electrical feed-throughs, is 
rigidly fixed to the aluminium frame. The stainless steel shell below is 
made from a ¼” thick sheet formed into a cylinder, welded together, and 
then welded to the top and bottom flanges made from ¾” thick plates. 
This shell can be lowered to expose the inner aluminium can and the 
copper sample holder. This outer stainless steel vacuum shell, which 
weighs over 50 kg, is constrained laterally by a set of roller guides that 
slot into the aluminium extrusion, whereas the vertical movement is 
facilitated by a manual forklift.

The vacuum seal between the bottom of the RT top plate and the top 
flange of the stainless steel shell is achieved by a rubber O-ring, and the 
seal can be conveniently broken and re-made via a set of eight swivel 
bolts on clevis pins and nuts on the upper flange. The vacuum seal be
tween the bottom plate and the stainless steel shell is also achieved by a 
rubber O-ring, but the seal is more permanently made via a set of 12 cap 
screws on the lower flange. The interior of the cryostat is evacuated 
before operation using a Pfeiffer HiCube 80 Classic vacuum pump. 
Pressure within the cryostat during operation is in the range of 2–5 x 10- 

7 mBar.
The inner aluminium thermal radiation shield, which has a 38 cm 

inner diameter and weighs only about 5 kg, hangs from an aluminium 
plate (“intermediate temperature plate”). This shield hangs via six 
threaded studs on its flange that can be manually inserted through six 
keyhole slots on the intermediate temperature plate. Standard nuts on 
the threaded studs fit through the eyes of the slots and the shield is then 
rotated to be hung in place (where the narrow portions of the slots catch 
the nuts). There is no O-ring needed at this interface, since the volume 
on either side of the aluminium “can” is under the same vacuum. The 
interface here is a rough polished aluminium-to-aluminium flat surface 
which is sufficient for good heat transfer to thermally anchor the 
aluminium shell to the cryocooler’s 1st stage. In our present setup, no 
multilayer insulation is necessary between the stainless steel shell and 
the aluminium can. The intermediate temperature plate is mechanically 
suspended from the room temperature top plate by four carbon fiber 
straps (to accommodate lateral thermal contraction while limiting 
thermal conduction). The intermediate temperature plate in turn sup
ports the copper sample holder assembly (Fig. 3) by four stainless steel 
threaded rods.

The samples are conduction cooled using a Cryomech PT415 cryo
cooler (compressor model CP1010), with cooling capacity of 1.5 W at 
4.2 K and 40 W at 45 K. The first stage of the cryocooler is thermally 
linked to the aluminium thermal radiation shield around the samples via 

Fig. 1. A) an example of a 40-strand Rutherford cable manufactured for the HL- 
LHC AUP project [17]. Two strands near the ends of the cable are colour-coded 
to aid individual strand identification for QC purposes. b) A Nb3Sn strand 
segment extracted from a cable. Four segments of the strand, corresponding to 
the bottom broad face, major edge, top broad face, and minor edge are 
measured individually, and are labeled in the figure above.

I. Pong et al.                                                                                                                                                                                                                                     
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the intermediate temperature plate. During operation, the first stage 
temperature typically gets as low as 36–38 K. The second stage of the 
cryocooler is thermally connected to a low temperature base plate and in 
turn to the copper sample holder assembly via braided copper cables 
with indium foils at the interface. The copper sample holder assembly 
reaches an ultimate temperature of around 4–6 K.

Sample temperature control is achieved via two heaters attached to 
the second stage of the cryocooler (the front heater can be seen in Fig. 2
as indicated; the back heater is behind it on the opposite end also on the 
top side of the second stage). The heater power and cryocooler first and 
second stage temperatures are monitored by a Lakeshore 331 cryogenic 
temperature controller, while the sample temperature is read by a 
Lakeshore 218 temperature monitor. All temperatures are measured 
using calibrated Lakeshore Cernox® sensors, with the exception of an 
optional backup verification temperature sensor, which uses a cali
brated Lakeshore PT-102-AL sensor that operates down to ~ 30 K.

An example temperature cycle is shown in Fig. 4 and a flowchart of 
our standard operation procedure for AUP extracted strands with an 
accelerated warmup is shown in Fig. 5. It typically takes approximately 
10 h to cool down and stabilize the system. When the sample carrier is at 
the base temperature and the wire samples are superconducting, mea
surements can begin. In this example temperature profile, the warmup 
half-cycle was not accelerated, i.e. the chamber vacuum is maintained, 
and the stage heaters were not switched on. The heat leak into the 
system warms up the PCB and the second stage by less than 6 K h− 1 at a 
steady rate from liquid nitrogen temperatures to room temperature, 
comparable to the heater-controlled warm up rate of lower temperatures 
(see section 2.4). This translates to about 1.6 mK per second, which can 
allow this system to be used during natural warmup for low temperature 
physics experiments in this temperature range, such as critical temper
ature measurements of high temperature superconductors, with excel
lent accuracy. Using the accelerated warmup procedure (see section 
2.4), the system can reach room temperature in about one-fifth the time.

2.2. Sample holder assembly

The combination of a large cryostat and adaptable sample holder 
assembly allows a large number of samples to be accommodated for 
measurements. Samples are affixed to custom printed circuit boards 
(PCB) up to approximately 25 cm x 20 cm. A typical board for straight 
wire can accommodate 45 samples of 10 cm length in two columns, 

whereas a typical board for extracted strands can accommodate a total 
of 18 samples (see Fig. 3). A thick ¼” copper base plate with two edge 
rails (a.k.a. side spacers) encasing the samples increases temperature 
uniformity, and the construction allows multiple assemblies to be 
stacked vertically.

Strands extracted from a Rutherford cable have a sawtooth shape, 
whose width and pitch length differ between cable designs. For 
measured RRR of extracted wires to be representative of those in the 
cable, extracted wire samples should not be straightened (see section 4.1
for justification). To assure repeatability and to minimize handling, we 
build custom PCBs with voltage tap placement according to each unique 
cable design to tailor to the sample shape. The samples are held in place 
by Y-shaped slot pins acting as voltage taps (Fig. 3a inset). Only the slots 
at the ends of the sample that provide the test current are soldered to the 
sample. The voltage taps are typically reliably held in contact by friction 
and by the elasticity of the slots without requiring the aid of an addi
tional electrically conducting medium. This greatly simplifies the 
mounting and de-mounting of samples.

The voltage tap spacing is selected to separate the straight sections of 
the extracted strand that form the top and bottom broad faces of the 
cable and the kinked segments that are the cable edges. The character
istic segment lengths vary by cable design. As an example, for HL-LHC 
AUP extracted strands, the voltage taps at the cable edges are 10 mm 
apart. This covers the ~ 3 mm long part where the strand transitions 
from the top layer to the bottom layer (or vice versa) containing the facet 
which is the most heavily deformed portion of the extracted strand, and 
symmetrically another ~ 3 mm on each side that form the “triplet” of the 
cable edge [15]. Wire segments at the cable edge have higher subele
ment deformation and thus typically lower RRR and critical current. A 
greater voltage tap distance would “dilute” the RRR degradation, and it 
is critical for a highly reproducible system to avoid having to manually 
solder voltage taps onto the samples.

Our alternative design for straight samples utilizes screw-tightened 
terminal blocks for mounting (Fig. 3b inset). Here, care must be taken 
to avoid excessive force when tightening the screws. The advantage of 
such a mounting mechanism is that the sample board can be attached 
directly to the low temperature base plate with samples facing down. In 
addition to the samples, each board typically contains connections for 
up to two thermometers.

In our experience, we found that thinner PCBs without backing 
metallic coatings are easier to work with. Thick PCBs, especially ones 

Fig. 2. Overview of the residual resistance ratio measurement system. The top flange of the cryostat with the cryocooler is stationary, while the stainless steel 
vacuum vessel (or “shell”) as well as the aluminium thermal shield (a.k.a. “can”) can be lowered, providing access to the sample holder fixture for sample exchange.
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with multiple trace layers are more prone to warping during cooldown, 
thus adversely compromising the thermal transfer such that even with 
an indium layer between the PCB and the copper carrier, the samples 
may not be able to achieve a low enough temperature to see super
conducting transitions. Backing metallic coatings are unfriendly to 
through holes on PCBs (such as those for mounting the Y-shaped pins) 
and can too easily cause electrical shorts. They may also contribute to 
thermal warping.

2.3. Electrical design

At present, the system is configured for up to 120 channels split 
between two independent sample boards, but can be further extended 
easily. The signals from the sample board are carried to the outside of 

the cryostat via two 100-conductor ribbon cables (23 mm wide 1.8 m 
long, see Fig. 6) manufactured as a 2-layer custom circuit board with 
polyimide as the substrate and 0.1 mm wire traces. (The total copper 
conductor cross-sectional area is 0.35 mm2 per cable.) This was chosen 
to reduce the heat-leak to the sample board without the need to ther
mally intercept the cable at the 1st stage of the cryocooler. The ribbon 
cable exits the cryostat through a slot in a blank ISO-KF 40 flange sealed 
by “Torr Seal” low vapor pressure epoxy. Outside of the cryostat the 
signals are distributed to the DB78 connectors, which carry the signals to 
the Keithley 3706A system switch equipped with two Keithley 3724 
multiplexer cards with 60 channels each. The voltage measurements are 
performed with a Keithley 2182A nanovoltmeter. The excitation cur
rent, typically of ± 0.5 A, is provided by a Yokogawa GS610 Source 
Measure Unit (Fig. 7).

The wires carrying the excitation current are separate from the rib
bon carrying the signals, so that they can be of larger diameter and be 
thermally intercepted at the 1st and 2nd cryocooler stages. The wiring 
for the excitation current and thermometers that are not mounted to the 
sample board are taken outside the cryostat using a circular multi-pin 
feedthrough on a KF 40 flange.

2.4. Measurement control and data acquisition

Measurement is controlled via a custom LabView program. The 
measurement closely follows the IEC 61788–4 standard on the mea
surement of RRR of Nb-Ti and Nb3Sn composite superconductors [4]
and the LBNL system has been qualified and benchmarked with other 
facilities [19]. Below is a description of our standard operating pro
cedure for a 0.85 mm diameter HL-LHC AUP strand.

After evacuating the cryostat and cooling down to base temperature, 
a current is applied to the samples. The current is modified according to 
the sample diameter if necessary to avoid excessive self-heating (< 1 A/ 
mm2, typically 0.5 A). The excitation current polarity is reversed be
tween every measurement in order to eliminate any offsets due to 
thermal EMFs in the system. This is particularly important because the 
signal path contains multiple junctions at different temperatures across 
the system, and the temperature is ramped during the measurement. The 
temperature is ramped at a rate of approximately 0.1 K/min to 20 K 
(past the superconductive-normal transition, which is typically near 
18 K for Nb3Sn) using PID control of the 2nd stage heaters. At this point 
the cryocooler is switched off and the samples are allowed to return to 
room temperature. To accelerate the process, a small amount of helium 
gas is allowed into the vacuum chamber (1–2 mBar). The warm-up can 
be further accelerated by enabling the 2nd stage heater. Data is 
continually collected as the samples warm up past 293 K. With a fully 
populated HL-LHC AUP extracted strands PCB of 63 voltage taps, the 

Fig. 3. A) An extracted sample holder with a PCB for samples extracted from 
cables manufactured for the Test Facility Dipole [18]. The arrows point to two 
straight reference samples and the location of a Cernox® thermometer. b) A 
sample board capable of measuring 45 straight samples during a single cool
down. Both PCBs are attached to a copper carrier base that bolts to a low 
temperature base plate which is thermally linked to the second stage of the 
cryocooler but mechanically suspended from the intermediate temperature 
plate. PCBs with size up to 25x20 cm can be accommodated.

Fig. 4. An example temperature cycle. The warm up half-cycle was without 
acceleration, i.e. helium gas was not let into the chamber and vacuum was 
maintained, and the heaters remained off. The Cryo-stage temperature sensors 
are mounted on the intermediate temperature plate and the low temperature 
base plate.
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sampling rate at each channel is every 5.2 s on average, translating to an 
achievable nominal temperature step of the order of ~ 0.01 K.

2.5. Measurement data analysis

Measurement data analysis is automated by a custom Python script. 
At low temperature, it creates linear fits to the data in the super
conducting and normal states, and also of the transition. It then calcu
lates the low temperature resistance by the intersection of the transition 
and the resistive fit lines (Fig. 8). The room temperature resistance value 
is taken as the sample warms up past the temperature of 293 K.

An advantage of using the superconductive transition instead of a 
specific temperature is that it removes the need for measuring the 
temperature of each sample individually near 20 K, when there may be 
slight differences in temperature from sample to sample across the board 
and away from the temperature sensor(s). Nevertheless, an effort is 
made to minimize the thermal gradient across the samples. On the other 
hand, this measurement method relying on the superconductive 

Fig. 5. A high-level flow chart showing our standard operation procedure for 
AUP extracted strands. Note: DMM = digital multimeter.

Fig. 6. A flexible 100-conductor, 23 mm wide ribbon cable for taking measured 
signals outside the cryostat while keeping the thermal leak into the cryostat to a 
minimum. The cable is manufactured folded (or zigzag, as shown above) to 
achieve the required length without exceeding the size limitations of the 
printed circuit board manufacturer and to minimize cost. The straight end of 
the cable exits the cryostat through a slit in a KF-40 blank (sealed with epoxy) 
mounted at one of the six KF-40 ports on the room temperature top plate. The 
right-angled end is for connecting to the sample PCB as seen in Fig. 2 via the 
grey connector on the right-hand side of each PCB show in Fig. 3.

Fig. 7. Measurement system rack and the equipment used for the measurement 
(annotated). The cryostat and the cryostat stand are visible on the right.
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transition requires resistance values to be taken across a larger tem
perature range (across the transition, not only a single temperature), as 
well as adds the need for post-measurement analysis.

3. Sample preparation and measurement reproducibility

To ensure integrity in the sample preparation and measurement, in 
addition to the candidate samples (e.g. 15 extracted strands in the case 
of US HL-LHC AUP per PCB cooldown), each measurement contains 
three additional “reference” samples. Each of the additional specimens 
has a specific function. Reference Sample #1 is a previously measured 
sample used as a check on the RRR measurement system; Reference 
Sample #2 is a witness sample to validate the heat treatment schedule; 
Reference Sample #3 is another witness sample to validate the atmo
sphere in the furnace during the heat treatment.

Reference Sample #1, a.k.a. RRR system reference, is a previously 
measured extracted strand that stays on the sample measurement board 
and does not get removed between measurements. If the RRR mea
surement system is functioning correctly, a consistent RRR value should 
be measured each time. Fig. 9 shows the measured RRR value of this 
reference sample as a function of time since the year 2021. The initial 
value spread was significantly improved by changes in data acquisition 
and automated analysis (see Section 2.5 above) since the end of 2021. As 
part of the upgrades, the old sample board was replaced, and as seen in 
the data, desoldering, removal and remounting of the sample resulted in 
slight decrease (4 units, ~1%) in the measured RRR value, likely due to 
deformation while handling the reference sample. The improved 
mounting board and automated analysis gives a remarkably reproduc
ible consistency, as can be seen in Fig. 9.

Reference Samples #2 & #3 are heat treatment witnesses. The two 

samples are in straight, undeformed form and taken from a “reference 
spool” – the same, well characterized, wire spool for each measurement. 
These samples are used to validate the reaction heat treatment for the 
formation of Nb3Sn, which is performed in a furnace under flowing 
argon atmosphere. Reference Sample #2 is encapsulated in a quartz 
ampoule with a piece of Ti wire as an oxygen getter. This sample will 
experience (or “witness”) the same heat treatment temperature and 
duration as the candidate samples, but not the atmosphere. Reference 
Sample #3 is simply loaded into the furnace in the same state as the 
extracted strands, and as such, is not in a quartz tube. It will witness the 
heat treatment temperature and duration, as well as the atmosphere. In 
the case that the measured RRR value for either witness sample deviates 
from the values previously measured for the same spool, the integrity of 
heat treatment procedure would be more closely examined, and the 
candidate samples might be discarded. If both witness reference samples 
show a shift of the measured RRR values in the same direction, the 
likelihood is an incorrect heat treatment schedule (such as caused by an 
incorrectly calibrated temperature controller thermocouple). If only the 
non-encapsulated sample shows a deviation, the likelihood is a furnace 
atmosphere contamination (such as due to an air-leak) because such an 
event would not affect the encapsulated sample. All candidate samples 
measured in a cooldown are typically reacted in the same heat treatment 
as the two witness reference samples mounted on the same board.

The use of RRR system reference and heat treatment witness refer
ence samples is our standard quality assurance procedure. It has proved 
to be invaluable when troubleshooting unexpected RRR values by 
helping identify potential problem sources. Furthermore, the witness 
reference samples have also provided a baseline of reliability and 
reproducibility of our heat treatment and sample preparation procedure. 
Their RRR values over more than two years since the end of 2021 in 14 
different heat treatment runs achieved a single-digit standard deviation, 
comparing very favourably to international benchmarking exercises for 
internal tin strands such as reported in [20].

4. Effects of sample preparation and measurement methodology

Although RRR is a commonly used quality control parameter for 
superconducting wires, there are some variations in the measurement 
procedure that may result in slightly different values in the reported 
RRR. Some of these differences and their effect on the measurement 
result are explored in the following subsections.

4.1. Straightened and non-straightened extracted strand RRR

At other laboratories, strands extracted from Rutherford cables are 
often straightened before heat treatment to simplify the sample 
mounting fixture for RRR measurement. However, this carries the risk of 
further damaging subelements within the Nb3Sn strand, making the 
values artificially lower than what they are in a Rutherford cable. Also, 
by doing so and taking one measurement over a length covering both 
straight sections and kinks, one loses information about the impact of 
deformation in the kinked sections of the cable in comparison to the 
straight (top and bottom cable face) segments. Straightening of the wire 
is not an easily controlled process and it is difficult to ensure such a 
procedure’s reproducibility. The process would not only lower the 
overall RRR of the sample, but also preferentially decrease the RRR of 
the kinked edge segments. To quantify the effect of straightening the 
extracted strands, we tested 20 pairs of samples in an experiment. Each 
pair was extracted from the same strand within a Rutherford cable and 
from adjacent strand sections. Altogether, 20 pairs from 4 cables were 
used. One strand from each pair was straightened before heat treatment. 
The straightened strands were heat-treated in 2 mm internal diameter, 
open-ended quartz tubes to maintain the straightened shape after heat 
treatment. These and the non-straightened strands were wrapped 
together in an S-glass fiber cloth to space out the samples and prevent 
them from fusing together at high temperature, as is typically done for 

Fig. 8. An example curve of a sample resistance dependence on temperature 
near the superconducting transition. Resistance data for each sample is 
collected from 4 K to 293 K. The resistance at low temperature (RTC in equation
(1) is taken as the orange dot in the plot.

Fig. 9. RRR values of the reference sample measured on the system as a 
function of time. Automated analysis of data reduced the spread of determined 
RRR values. Handling the sample while moving it to a new sample mounting 
board resulted in  a small but measurable RRR decrease.
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our extracted strand heat treatment procedure. Both samples from each 
pair were reacted at the same time in the same furnace, and subse
quently their RRR was measured. Any differences in the measured RRR 
values beyond experimental uncertainty would be attributable to the 
straightening procedure.

The results are shown in Fig. 10. The figure illustrates that RRR 
values in the straight segments and the cable edges are noticeably 
different, with cable edges having lower values of RRR as expected. 
Comparing the extracted strands that were straightened before heat 

treatment and those that were kept in their original shape, there is an 
observable reduction in the overall values, on average 5.3 %. However, 
the kinks that have experienced the most deformation during cable 
fabrication and during straightening show a somewhat larger reduction 
in RRR compared to non-straightened wires (on average 8.2 % lower at 
the minor edge). This degradation is attributed to further ruptures of the 
diffusion barriers at the kink, causing more extensive Sn contamination 
to the stabilization Cu.

4.2. RRR at 20 K in comparison to RRR at TC

It is not uncommon for RRR measurements of Nb3Sn wires to mea
sure the low temperature resistivity at a fixed temperature (often 20 K) 
instead of at the superconductive-normal transition. This can make the 
measurement easier, as the resistivity can be measured at a single 
temperature instead of across a range of temperatures near critical 
temperature TC and the subsequent curve analysis is not needed. How
ever, if many samples are measured simultaneously, there is a risk that a 
temperature gradient among the samples and the thermometer would 
impart an undesirable error to the measured RRR values.

Fig. 11 shows a plot of RRR at several temperatures as a function of 
RRR at TC. The dashed lines are calculated using copper resistivity 
dependance on temperature for several RRR values using data in [21]. 
The datapoints in red show measured data for both round wires and 
strands extracted from Rutherford cables for three different RRP® wire 
designs with distinct Cu:non-Cu ratios (0.88 to 1.24), showing that the 
resistivity behavior of the Nb3Sn wires is dominated by the stabilization 
copper.

As the samples are not in direct contact with the thermometer, there 
is a small temperature offset among them. That offset was calculated by 
considering the measured temperature at the critical temperature of 
each sample, taken to be 18.4 K. The validity of this approach was later 
confirmed by attaching the thermometer directly to a set of selected 
samples.

The data, as well as calculated curves, show a good match between 
RRR values measured near TC and at 20 K up to about RRR ~ 100, the 
values then diverge and the RRR of 500 measured at 20 K is about 10 % 
lower than the corresponding value measured at TC (500 vs. 550).

4.3. Dependence on the test current

Finally, the magnitude of the test current may influence the critical 
temperature and the resulting RRR at the critical current. A sample was 
tested with varying test currents, the results show only a slight depen
dence of TC with varying test current in the range of 0.1 to 0.7 A. And the 
resulting RRR varies by less than 2 units for a sample with RRR of 338.3 

Fig. 10. A) Straightened sample RRR as a function of non-straightened sample 
RRR for each measured sample pair (20 pairs from 4 cables). b) Aggregate 
statistics − the top panel shows the RRR values plotted as a function of their 
location along the sample as indicated in the diagram above. The bottom panel 
shows the percent difference of RRR values of the samples taken from the same 
strands of the cable but straightened before heat treatment. The mean values 
are indicated by the cross, the whiskers indicate minimum and 
maximum values.

Fig. 11. Comparison of RRR defined with low temperature resistance mea
surement at Nb3Sn TC = 18.4 K and low temperature measurement at another 
temperature T*. The dashed lines are data calculated for copper from [21]. The 
datapoints show values for various Nb3Sn samples of RRP® design with Cu:non- 
Cu ratios spanning values from 0.88 to 1.24.
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at 0.5 A test current. This implies that even with limited cooling due to 
poor thermal contact, sample handling is likely expected to introduce 
more variation than the choice of test current in the range investigated 
(see Fig. 12).

5. Lessons learned and future improvements

5.1. Thermal coupling of samples to cryocooler

Unsurprisingly, thermal coupling of samples to the second stage 
turned out to be the most challenging issue, due to the requirement of 
keeping the samples electrically insulated from the rest of the system. 
Printed circuit boards based on FR4 substrate are easy to work with, but 
their low thermal conductivity has resulted in some observed tempera
ture differences among samples of up to 1 K at low temperatures. 
Although more thermometers may be placed in the vicinity of the 
samples to improve individual temperature reading accuracy, and 
although this temperature value is not relied upon in our RRR calcula
tion (resistance value at TC is used, rather than at a specific tempera
ture), having better temperature uniformity can make our system more 
versatile. To improve temperature uniformity across the samples, 
aluminium substrate-based circuit boards are being tested, which should 
improve thermal conductivity by several orders of magnitude compared 
to FR4.

Thermal conduction between the samples and the copper base plate 
is typically sufficient through the voltage and current contacts. During 
system development, copper rails with disposable Kapton lining were 
used to sandwich the sample ends to provide additional thermal linkage 
to the copper sample holder assembly, but subsequent improvements to 
the thermal contact between the PCB and the copper base plate have 
removed that need. The removal of this step is advantageous because the 
Kapton lining can be punctured or compromised by the samples during 
loading or due to differential thermal contraction of various compo
nents, causing electrical shorts that may only be detected at cold and are 
thus time consuming to troubleshoot.

5.2. Sample fixturing and voltage taps

Sample mounting using Y shaped slot pins without needing to solder 
each individual voltage tap was shown to be reliable and can drastically 
reduce sample mounting and de-mounting effort. Moreover, given the 
narrow profile of the slot pins, they provide a well-defined voltage tap 
position. Initial trials also used a nylon ring on each voltage tap that 
would press the Y-slot more securely on the wire upon cooling (due to a 
larger Nylon thermal contraction, see Fig. 13). However, it was subse
quently determined that good electrical contact with the pins was made 
even without the assistance from nylon rings. Similarly, carbon paste 

was initially used as a non-permanent electrical contact enhancer. 
However, due to its semiconducting behavior at cryogenic temperatures, 
the carbon paste introduced measurement errors and was not used in 
subsequent routine measurements.

5.3. Measurement speed

Improvement of measurement speed by utilizing two or more 
nanovoltmeters for measuring two samples simultaneously is being 
considered. Such configuration is allowed by the switch system and 
could potentially allow for faster temperature ramp rates while main
taining data resolution in terms of temperature.

6. Summary

The system described above is designed as a versatile tool for 
measuring resistance ratio, and it is specifically tailored for efficient and 
reproducible measurements of both superconducting wires in straight 
form as well as extracted strands from Rutherford cables without 
straightening them first. The system allows the measurement of many 
samples in a single cooldown (currently configured for up to two sample 
boards that can carry up to 45 straight samples each, or a lower number 
of extracted cable strand samples with multiple voltage taps on each 
sample) and makes use of ribbon cables (flexible 2-layer, 100-channel 
custom circuit board with polyimide as the substrate) for taking 
measured signals outside the cryostat while keeping the thermal leak 
into the cryostat to a minimum.

In terms of operation procedures, we found the use of cooldown 
reference and heat treatment witness reference samples for Nb3Sn 
invaluable to ensuring sample preparation quality. We further showed 
the straightening process often applied to strands extracted from Ruth
erford cables and that taking one measurement over a length without 
giving due distinction to the straight sections and the kinked cable edges 
make the measured RRR data less precise and accurate, and therefore 
less informative for cable quality assessment.

We also showed that in wires of different designs there is a good 
match between RRR values measured near TC and at 20 K up to about 
RRR ~ 100, but the two then diverge and the RRR of 500 measured at 
20 K is about 10 % lower than the corresponding value measured at TC. 
Lastly, we found that even with restricted thermal contact, sample 
handling likely introduces more variation than a reasonable range of test 
currents would.
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