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Abstract - A need for continucus sampling of the
dimensions of superconducting cable has lead to
the development of a machine for that purpose.
This device measures average thickness, width, and
keystone angle for a wide variety of cable aizes
while under the mechanical lcading anticipated in
the final coil structure. Linear dimens%ons can
be measured to + .0001" and angle to + .01°. Cable

can be measured with and without insulation.
This device has

Loading 18 variable up to 25 ksi.

applications in epoxy free ceoil winding where the
cable dimensions must be well understood before
ccil  winding in order to predict the size of the
finished coil package. As a diagnostic device, (&
has application in the cable making process to
help underatand causes for subtle inconsistencies
in cable dimensions. A possible quallty control
application exists., Current cable quallty control
requires destructive techniques with very small
samplings, usually twe samples for 5,000" of
cable. We have evaluated device performance by
repeated meagurements of lengths of 35C cable.

INTRODUCTTICN

Cos @ type colls such as those intended for
the SSC are made from multistrand keyatoned
superconducting "Rutherford type" cable. (The
current S3C coil ecross-section is ahown in Figure
1.} In fabricating these magnets it is essential
that the physical size of the cable be understood.
In creating a coil geometry, the magnet designer
speclifies the conductor size necessary to it the
overall design parameters, These parameters
include conductor placement and coil preload at
operational temperature. Random variations 1in
cable size will result in random errors in the
magnetic field harmonics. Syatematlc variations

in the e¢able size and thickness in particular
perturb the preload, that s the azimuthal
compresaive force imposed on the coll via the
collars toc counter magnetic forces developed

during operation. Varlations in coil segments of
a few mils can change required prelecad by several
thousand psi and high preloads cause insulatlon
degradation and clamp collar distortions. Coil
fabrication techniques employing B-Stage Kapton or
Kapton/B-Stage Fiberglass insulatlion with the
coils molded to a given aize allow some latitude
in cable size tolerances due to the plastiec nature
of the Insulation. There are, howeaver, limits to
the “"adjustability” of this system as the major
constituent of the «oil composite Is the cable.
These limits reduce as the insulation is minimized
tc more efficiently use the superconductor.
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Figure 1, Design b

The ecoil preload can best be controlled by

imposing tolerance 1limits on the cable. Current
magnet manufacturing practices utilize
measurements of the completed coil to assure that

the coila in the magnet are of uniform size so as
not to build in asymmetries Iin the assembled
magnet. This i[s accomplished by remolding the
coil after ascertaining Its size followlng the
first melding operation, thereby making ail coils
to a uniform size. Another technique 1is to
carefully match upper and lower coil sets wusing
the measurement data, In epoxy free coll designs
in which coils are clamped directly by the collars
and no molding is used direct coil measurement {a
not possible. Instead the cable slze must be well
enough understocd to predict the coil size prior
to winding. The ceils can then be matched by
selection of cable based on its measured size.

A cable measuring device was built at
Fermilab ag part of a program to develop epoxy
free colls. This measurement technique clearly
can be used to ensure consistent coil sizing and
uniform wire placement in molded coils as well.
The measuring machine described here could best be
utllized In line with the cabling machine and
could allow control of cable dimension to
approximately a tenth of a mil (2.5 microns).

CABLE SIZE SPECLFICATION

Historically cable has been speciflled by the
number of strands it will contain, the diameter of
these strands, and helical piteh. Dimensions of
width and thickness of the thin and thick edges



{keystone angle) define the physical size of the
cable, Tolerances are applied ta these
dimensions, Such a specification is incomplete In
that consideration Is not given to the fact that
the cable is a composite having a variable spring
rate. It is reasonable Lo expect the cable to be
of varying 3size dependent on the loading
conditions applied to it. The application of
loads on cable used in cos @ magnets  are
compressive and normal to the plane defining the
width. It is, therefore, apprapriate and
necessary for the cable specification to include a
apecified load when defining dimensiona.

MEASUREMENT TECHNIQUES

Traditional cable quality control has avolved
from micrometer measurements of the cable wildth

and edge thicknesses to the present method of
average thickness measurements cbtained by
stacking a number of cable samples with
alternating keystone. While applying a specified

load the stack height is measured with the average
cable thickness assumed by dividing the stack
height by the number of samples, This measurement
haa been standardized to have ten cable sampies In
the stack. The dimension of width i{s 3till made
with a wmicrometer, The keystone ls measured by
applying a specified lead to an individual sample
through a pivotal piatten. While these
measurements are an lmprovement te previous
techniques, they are destructlve and applied only
to a very small sample of the cable, typically
obtalned by cutting samples from the beginning of
a cable reel and at best by samples taken from the
beginning and end eof the cable used for a coil
leaving the actual cable wused 1In the coil
unsampled.

CONT INUOUS MEASUREMENT DEVICE

These shortcomings atimulated the development
af a device which would enable continuous
measurement of cable. The device developed at
Fermilab was fabricated to sperific criteria:

1. be <capable of measuring moving cable
allowing the measurements to he made in the
cable insulating line,

2. be capable of measuring
width of ,280" to 4507,

cable ranging in

3. have variable load capacity
20,000 psi for a 435" wide
applisad 1load to Dbe
cable spectfication,

ranging to
cable alleowing
selected to match the

4, have the measured samples loaded across 6"
of length so as not to measure the
microstructure of the cable compesite,

5. have a variable delay in measurement aflter
applying the load te allow for creep to
occur,

6. be capable of measuring over appllied

insulation without causing degradation to
the insulaticon should measurements over

ingsulation prove to be of value, and

7. be linked te a computer for data collegction
and proceasing.

The device is illustrated In Figure 2. The
critical element of the machine is the measuring
head {(Flgures 3 and U4). The head contalns a
rotating platten fitted to a cylindrical bearing
surface, The lcad 1s transferred to the cable via
hydraulic rams acting on the rotatable platten.
Contact pressure With the cable causes the platten
to rotate and conform to the angle of the cable.
Extensions on each side of the platten amplify
this motion. LVDOT's (Linear Variable Differential
Transformer) are used to measure the positlion of

these extensions. The LVDT's are calibrated t¢
solid steel gage blocks of known alze and
adjustable stops are used to keep the load

centered on the cable. The LVDT's acting on the
platten extensions are used to measure the
keystone angle and average thickness relative to
the gage Dblock. Width dimensions are made using
another LVDT which contacts a clamp Dbar. This
LVDT 1s also calibrated to the gage tlock. The
clamp bar uses two small pneumatic rams to force

the cable between it and the cable centering
stops. The load is sufficient to position the
cable yet light enough to allow volumetric

expansion of the cable when loaded. In operation
the sequence of events la to flrst activate the
pneumatic c¢ylinder acting on the cable width clamp
bar to properly position the cable under the
measuring head. After a short time delay the
hydraullic rams are activated. The moving clamped
cable drags the measuring head along on linear
moticn ball bearings., After a predetermined time
interval, the signal voltage of the LVDT's are

read and the hydraulie and pneumatic rams are
relaxed. A constant tension spring returns the
head to its original position tripping a

microswitch and restarting the process,

The hydraulic pressure is provided by an air
aover hydraulic boeoster. Alr regulators are used
to vary cable loading and are manually adjusted.
An IBM PC is used to collect and store data. A
program converts the voltage output of the LVDI's
to cable dimensicns through comparison to the gage
blocks. Clamping pressure via a hydraulie
pressure transducer and measurement position via a
footage counter are recorded as well.

MEASUREMENTS

We have measaured a length of SS5C inner coil
cable for the purpose of understanding the
aperation of the machine. These measurements were
carried out over a  9-day pericd taking
measurements at 6" intervals along 150' of cable
with the lcading set at 5,000 pai on the cable,
The measurements were repeated six times on the
same Sample. Thege six runs averaged 2 runs per
day. Each repeat measurement run sampled the
cable at the same poafitions along the cable as the
previous measurement run, To assure registratfon
the cable measuring 1ccatlions were marked and
numbered on the cable. The measuring head was
then manually poslitioned along the stationary
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cable with respect to these marks. This allowed
eight measurements to be made before the cable had
to be advanced., To discount any Influence on the
measurements which could arise from the measuring
pattern the fifth and sixth runs were offset, that
is, at the start of run #5, four measurements were
made and the cable advanced returning to the
normal pattern of elght measurements per cable
advance for the remainder of the run. Prior to
and following each run, steel calibration blocks
were measured to detect any drift in the
measurements. These blocks were ugsed initially to
calibrate the measurements of the LVDT's. Two
blocks were used, The first 1s of a rectangular
cross-section {used for calibration); the second
block is made to a cross-aectlon matching the
gpecified dimensions of the cable being measured.

The 3eccnd block is wused to cross-check the
calibration.
RESULTS
The composite structure of the cable wunlike
the s0lid steel gage blocks becomes apparent In
the cable measurementsa, After the first

measurement run, subsequent measurements indlcated
a systematic reduction of all dimensions. The
results of 3six measurement runs on cne plece of
cable are shown in Figures 5, 6, and 7 which plot
the differences of each run from the average value
for all six for each of the measurement pointas
100-125 (12.5 feet of cable), The figures clearly
show ylelding of the cable with each 3succesaive
run.

To evaluate measuring machine performance
without gystematics due to thia yielding or
measuring head callbration shifts, each of the six
runs wag offset by the angle, width, and thickness
averaged over the entire length of measured cable
for that run. For each point on the cable, the
deviation of the six measurements from the average
for that point was calculated. The rms widths of
these deviations are given in Table 1 and can be
considered a good measure of the accuracy of the

head when used to measure composite cable, Also
shown in Table 1 are the rms deviations of
successjve measurements made on the solid gage

blocks over a short period of time.

The data in Figures 5, 6, and 7 suggeat that
an operational definition shouid be applied when
measuring cable closely correlated to the end use
of the cable, that is, the magnet ccila, Such a
definition could define the application of the
load to the sample being measured. For example,
the cable could be first loaded as anticipated in
the ceoil molding process, relaxed, and then lcaded
again to the expected cellar load with
measurements recorded at that time. This issue is
secondary to the primary use of the machlne which
is to measure cable. The results in Table 1
clearly indicate the capability of the machine to
do that quite respectably.



Table 1
AMS Deviations From Average VYalues
Cable
Syacematica
Caiibration Block Hemoved )
angle = .o0t° : .0’
Width % .01 mils ¢+ .04 mils
Average + .32 mil
Thickness + .02 mils : . mils
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Flgure 5. Cable Keystone Angle.

Plotted is the difference between each of six
measurement runs on the same cable and the average
for all six runs, The 25 points ahown
{100.00-125.00) represent 12.5' of cable.
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measurement. runs on the same cable and the average
for all six runs. The 25 peints shown
(100.00-125.00) represent 12.5' of cable,

g — tun 11
& o~ Run 92 '
+ = Run 13 !
® = Aun 1k |
N Q = Run #% !
' £ — Run 18 |
I i
I
%
; o e |
S 4 A ~ L
Lo bpehie e
70 s b k- b SRy Nk
= 1‘*_4 ™ . A—-q ~ - R -‘-.' B4 B
T r/ . N \ e ‘ T PN ‘.4\\.‘1_\
. b Y . - - -
Ll x
:"f
el |
<.
‘én:i» |
| |
nl . .
e 5.1 FOI.”«P."«%’, L1 125,32
Figure 7. Cable Average Thickness
Plotted i3 the difference between each of aix

measurement runs on the same cable and the average

for all 8ix runs. The 25 points shown
(100.00-125.00) represent 12.5' of cable.
APPLICATION
Applicatlion of this device can be <considered

for Q.C. of cable by the user. It has similar, if
not superior value, to the cable manufacturer. In
order to produce cable consistently to a high
degree of accuracy, the cable size should be
monitored aon a continual basis. Subtle changes in
cable dimensalona could be observed and adjustments
made {mmediately. As a dlagnostlie tool, it has
potential for helping sort out causes of cable
variations and help focus [n on areas needing
improvement,
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