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SUMMARY.

This magnet was the second to be assembled with
] ine-to-line" fit of the ycke-collar assembly. Tapered keys
were used in the collaring process, but the vertical pressure
was made high enough so that the keys could be seated without
horizontal pressure, as was done for square keys. The magnet
quench performance was good. At 4.45K, it reached a plateau at
6.9T7 after one training quench. The magnet did not retrain
after a thermal cycle. It reached 8T with little additional
training. The multipoles were very good. The strain gauge
data indicated that the coils were not unloaded at 8 kA. The
results have been summarized in a conference paper (Appendix
a). This note adds quench location and strain gauge data to
that presented in the paper, and updates the multipole
analysis.

QUENCH HISTORY AND LOCATION

With DSS014, as with previous 1.8 m S8SC dipole magnets,
the quench test procedure consisted of training by ramping up
the magnet current at a rate of 16A/s until a quench was
generated, and repeating this until the quench currents
achieved had reached a four-quench plateau, within an allowable
range of 30A,. As for the DS0012 and DSS013 tests, the time
between quenches was 1/2 hour. Training was performed at 4.35K
(nominal), where the central magnetic field is 6.9T, then again
at the subcooled temperatures of 3.85K and 3.35K, where the
central field is about 7.6T and 8.1T, respectively. This
schedule was then repeated after a warm-up to room temperature
and recooling (thermal cycle). The training at subcooled
temperatures is done to test the magnet to the 1limits of its
mechanical performance under the stress of the higher magnetic
fields possible at the lower temperatures. In addition, at the
end of each set of plateau quenches, strain gauge measurements
were made every 500A until the magnet gquenched.

Figure 1 gives the quench history of the magnet and shows
each of the training and conductor-limited (plateau) quenches
by symbols which distinguish between upper and lower coil
quenches. The quench history of DSS014 is the most consistent
exhibited by any 1.8 m SSC dipole to be tested so far. Though,
outwardly, it looks very similar to that for DSS013, there are
some interesting differences in guench origin locations for
both training and plateau quenches; these will be noted when
appropriate. All qguenches in DSS014 occurred in the inner
coils, as in DSS013 and DSS012. Like DSS013, the training
quenches were mostly in the ramp-splice section in the upper or
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lower inner coils. All conductor- limited plateau gquenches
were in the upper inner ceoil in a long straight section of the
pole turn. This was not always the case with DS$S013, where
most plateau quenches at 6.9T were in the ramp-splice region
and in the same location as the training quenches.

Details of each quench as to temperature, current, and
location are given in Table 1. As can be seen from the table,
the conductor-limited quenches at 4.45K, 3.85K, and 3.35K were
at average plateau values of 6856A, 7629A, and 81304,
respectively; and the corresponding calculated short sample
limits at each temperature were exceeded by 1%, 3%, and 5%,
respectively.

As can be seen from Fig. 1, there were only six training
quenches during the testing schedule. This was slightly better
in performance than DSS013, where the testing sequence was the
same and eight training quenches were seen. All but one of the
training quenches in DSS014 originated in the ramp-splice
region, close to the tap 16G, which is situated on the straight
section side of the ramp-splice section about 1/2 inch into the
G10 box which houses the ramp-splice section. There were four
such gquenches, one of which happened in the 1lower c¢oil and
three in the upper coil. Calculation of the actual quench
origin for these cases show that the position varies from being
only about 1/4 inch from tap 16G, and therefore in the G10 box,
to about 3/4 inch from 16G and outside the box. This last case
was the lower coil quench while the former was located in the
upper coil. The other two ramp-splice region cases were upper
coil quenches and occurred at about 0.5 inch and 0.7 inch from
16G, so these were very close to the edge of the box; however,
the accuracy of the calculations precludes a definite
determination of whether they were actually inside the box or
not. This prevalence for ramp-splice training quenches was
alsc seen in DSS013, where there were at least four such
quenches ocbserved.

Table 2 summarizes these results for DSS014 and includes
the locations for two strain gauge run gquenches which also
occurred in the ramp-splice section and 1looked 1like the
above-mentioned training quenches. As discussed further on,
the strain gauge runs resulted in quenches at currents slightly
lower than plateau, so it was of interest to compare them to
the training quenches which looked similar. As can be seen
from the table, these occurred significantly farther from the
16G tap and were definitely out of the Gl0 box, though in other
respects they did look like the training quenches. Two other
strain gauge runs resulted in guenches in the 1long straight
sections and looked more like plateau quenches.

The only training gquench that did not occur in the
ramp-splice region was at the return end in the pole turn (T16)
of the lower inner coil. (During one training quench at 3.8SK,
the voltage tap data was lost.) Taking into consideration the
time taken for the quench to reach each end tap of that
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section, the origin was calculated to be 1 1/2 inches into the
right hand straight part of the section outside of the curved
end itself. This would put the origin about 2 inches closer to
tap 16D on the right hand side than to tap 16C on the left
side. This particular quench appeared at the end of an
interesting series of training quenches at 3.35K which seemed
to demonstrate that at 8.1T both the upper and lower coils
trained separately, and in succession, since each showed an
almost identical gquench history symmetrically. This behavior
can be seen by studying Fig. 1 and referring to Table 1. This
type of +training at 8.1T was also seen in DSS013, where the
lower coil apparently trained after the upper coil had already
done so. The upper ceoil first had a ramp-splice quench and
reached plateau, as in DSS014, then exhibited a training quench
in the 1lower c¢oil in the turn 16 return end section straight
section, again as in DSS014; but, unlike DSS014, it was not
preceeded by a ramp-splice training quench. Also, though
symmetrically similar to the T16RE quench in DSS014 described
above, it was started on the left side at a spot heater and
might be related to the presence of that device on the cable.

After the thermal cycle, training was seen only for one
quench, at 8.1T, and it originated in the ramp-splice section
of the upper coil as it did before the thermal cycle at 8.1T.
No other training in the magnet was observed after the thermal
cycle and all plateau quenches again originated in the pole
turn straight sections of the upper inner coil. These results
after the thermal cycle were more consistent than for DSS5013.

One interesting effect occurred during the strain gauge
Tuns. As mentioned before, quench currents after a strain
gauge run were typically slightly lower (1% or less) than the
previously established plateau. Both strain gauge quenches at
4.45K were located in the ramp-splice section like the training
guenches, but the other two occurred in the pole turn straight
section like a typical plateau quench. This behavior seems to
indicate that the quench current is somewhat ramp rate
dependent. This phenomenon has been seen sporadically in the
previously tested 1.8 m dipoles, but was not observed in
DSS013.

The quench data curves of DSS013 and DSS014 are very
similar (cf. Appendix A Figs. 2 and 3, recalling that the "L"
quenches in Fig. 2 were due to an error in the test stand

connection). During assembly, the inner coils of DSS014
reached a pressure of 15 kpsi, while those of DSS013 reached 8
kpsi. The difference in these pressures did not significantly

affect the training of these magnets.

STRAIN GAUGE DATA

The coil stress data at significant points in the history
of the magnet are given in Table 3 and in Fig. 2. As can be
seen in Fig. 2, the inner coil pressure during the
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"square-key-like" assembly reached about 15 kpsi. (For
comparison, the maximum inner coil pressure reached only 8 kpsi
during the standard tapered key assembly of DSS13.) The coil
stress versus current up to 8 kA is plotted in Fig. 3. As
with DSS13, there is some gauge-to-gauge variation, but the
prestress at 8 kA does appear to be greater than zero.

FIELD QUALITY DATA

A summary of the geometric multipole coefficients of the
central 76cm of the magnet straight section is given in Table 4
for both cold and warm measurements. The results are given in
the standard "units" (10%*4/Bo at 1 cm radius)}. For the cold
measurements, the geometric terms are obtained by averaging
up-ramp and down~-ramp data from 2 to 3 kA to eliminate the
effect of magnetization currents. For the warm measurements,
the geometric terms are obtained by averaging data at +10A and
«10A to remove the effect of residual iron magnetization. For
both cold and warm data, the unallowed 16~pole and 18-pole
terms have been used to obtain the location of the measuring
coil with respect to the magnet. (Thus, the values for b7, a7,
b9, and a% given in Table 4 are not meaningful. Upper limits
for these terms can be obtained from the data before centering
and are at most 0.02 units at 2.5 T.)

A plot of the sextupole versus current, which demonstrates
the small effect of saturation, is given in Appendix A. More
complete presentations of the multipole data are given in
internal "prompt reports,"” TMG 396 {uncentered data) and TMG
399 (centered data).

At 1.8kA, the NMR measurement of the transfer function
gave the result 1.0464 T/KA. However, in a number of places
the field was not sufficiently uniform to permit the 1locking
circuit to work. It was found that one of the strain gauge
collar packs was located 1in the same axial region as the
nonuniform field. The value given above excludes the data from
this axial region.

TIME-DEPENDENT EFFECTS

A measurement of the change in sextupole with time at
injection current is given in Fig. 4. The setup for this
measurement was the same as for the last several magnets:
spontaneous quench, AC cycle to 5.3kA, B minute wait at 25A
idle current, ramp to 300A (3A overshoot), hold constant
current, measure. Ramps were l6A/sec. The time dependence is
close to that seen in DSS13 but larger than that observed in
DsSSé and DSS1l. DSS13 and DSS514 have cable from the same
spools. The cable is has smaller filaments in both inner and
outer cecils than DSS6 and DSS1l.
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SPOT-HEATER DATA

A plot of MIITS versus quench current is given in Fig. 5
for spot heaters located in the magnet straight section at the
pole turn (heater 4} and on the midplane (heater 3).

STRIP HEATERS

It was found in a recent magnet disassembly that the
initial design of the strip heaters had concentrations of
heating (as evidenced by discoloration). 1In this magnet, strip
heaters of the new design were operated successfully.

YOKE CLOSING EXPERIMENT

To check whether the yoke was fully closed, a piece of
indium wire slightly larger than the space for the yocke
midplace Xkey was placed in the keyway. Results of the
experiment were made uncertain because of
lamination-to-lamination offsets which occurred in the yoke
blocks during magnet testing. In the analysis, the surface
height of the indium and the blank 1/2 key that opposed it were
measured relative to the midplane. This procedure yielded zero
gap on one side and 0.002" gap on the other side. (Details are
in SSC-MD=-229.)
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TARTE 2 DSS014 QUENCH IOCATION ANAIYSIS RESULTS
FOR RAMP-SPLICE REGION QUENCHES

QUENCH RN DISTANCE FROM IN G10 TYPE OF DIFFERENCE
# 7 TAP 16G (in) BOX ? QUENCH FROM PLATEAD
CURRENT (%)
1 4 0.7 ? training 6.3
6 9 1.9 no strain 0.8
gauge run
13 21 0.5 yes training 2.7
15 23 0.8 no training 1.4
27 52 2.3 no strain 0.3
gauge run
33 76 0.3 yes training 1.4
Notes

1. One data sampling interval of 0.2 ms corresponds nominally to about
0.5 inch in distance travelled. This results in an error of approximately
+/- 0.25 inches.

2. This quench occurred in the lower immer coil. All others listed were
in the upper coil.

3. For the strain gauge runs that quenched in a straight section, the
quench current differed by 0.3% from the plateau.



1. DSS013

TABLE III
DSS013 & DSS014 COIL STRESS SUMMARIES
February 24, 1989

SUMMARY
PACK1 - Straight Section AVG. AVG. DELTA DELTA
DATE Near Lead End INNER  OUTER* INNER OUTER
10/ 5/88 After Collaring 7386 4777
10/10/88 Before Shell Welding 6534 4373 -852 -404
10/18/88 After Shell Welding 6691 5601 158 1228
10/20/88 On Ass'y Floor 6619 5545 -72 -56
" 12/16/88 In Dewar at 4.3 deg K 4220 5143 -2399 -402
12/26/88 In Dewar at 298 deg K 6072 5360 1853 217
12/27/88 In Dewar at 4.3 deg K 3853 4950 -2219 -411
- Average of Gauge #5&6
PACKZ - Transition Section
at Return end
10/ 5/88 After Collaring N/A N/A
10/10/88 Before Shell Welding 8144 4390 N/A N/A
10/18/88 After Shell Welding 8202 5639 58 1248
10/20/88 On Ass'y Floor 8111 5601 -91 -38
12/16/88 In Dewar at 4.3 deg K 3508 3238 -4604 -2363
12/26/88 In Dewar at 298 deg K 7360 5543 3853 2305
12/27/88 In Dewar at 4.3 deg K 3319 3280 -4041 -2264
2.D055014 SUMMARY
Packl - Straight Section
10/19/88 After Collaring 9390 6787
1/19/89 On Ass'y Floor w/ Shell 9048 7927 -342 1139
1/25/89 In Dewar at 4.3 deg K 4820 4809 -4228 -3117
Pack2 - Return End Transition
10/19/88 After Collaring 11816 8005
1/19/89 On Ass'y Floor w/ Shell 10345 8207 -1471 202
1/25/89 In Dewar at 4.3 deg K 7128 6054 -3217 -2153
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Quench Current (k amps)

DSS014 (1.8m) Initlal Test
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DSS14 TEST, PACK #2
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APPENDIX A
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TEST OF TWEO 18 M S5C MODLEL MAGNETS W ITERATLED DUESIGN®

r. Wanderer, 1.G. Couingham, P. Dahi, G. Ganetis, M. Garber. A. Ghosh, C. Goodzeir, A. Greene, J. Herrera, S. Kahn.
E. Kelly, G. Morgan, J. Murstore, A. Prodeil, E.P. Rohrer, W, Sampson, R. Shui, P. Thompson, E. Willen
. : Brookhaven MNationai Laborutory
Upton, New York 11973

Absiract

We report results Irom two 1.8 m-long dipoies buill as part of
e Superconducting Super Coilider (SSC) R&D program. These
magnels coaraia desiga changes made on both the 1.8 m and ibe
full-length 17 m dipoles 10 improve quench performance. magnetic
fietd uniformity. and manufacturability. The magnets reach 8 T
with tittie fraining.

lntroduction

The good quench performance of two recent 17 m model
dipoles [1] established the principies needed for producing magoets
capable of reaching the conductor cutrent-carrying limii with linde
wraning. Oesign changes have been made (o iimpiement these pria-
cipies and other improvemenis in a more production-orienled way.
Except for length, the 1.8 m magsaer serics [2,3] has the features of
the 53C design, which is based on 4 two-layer cosine thewa coil
with 4 ¢m aperiure, As compared 16 the |7 m design length $SC
dapeles, 1hese LR memapnets are a {aster and maore econmmicat way
vl sty design changes. To check imagne porfofmange, these
dipoles have been heavily ipstumented with voltage taps, strain
sauges and spot heaters. Existing tooling seis the magner length a
I.& m. The magnets are tested in tiquid helium in 3 verlical dewar.,

The desiyn changes incorporaied in Lhese magnets are brie{ly
summarized here. The coils were wound with a revised cross
scclion which in¢luded asymmetric copper wedges and were
molded in a single-cure procedure. In both magnets, the collars
which compress 1he coils were focked with wapered keys. When one
of the magnets was sssembled, however, 10 prexsure was applicd lo
push the keys into the vollars. The yoke inner diameter was reduced
to oblun a line-to-line {zero clearance) {ii to the collars. The yoke
taminations were assembled 1o produce a monolithic yoke siructure.
The two yoke halves were keyed with respect 1o each other at the
midplanc.

Maenet Design and Construction

The coil aperture is 4 cm and the coil ouwer diameter is 8 cm,
The yoke iancr diameier i3 {§.1 ¢m; s puter dismeier 15 26,7 cm.
The magnee i3 designed (o operare 3t 6.6 T comral ficld i 4.35 X
Boltane with 2 current ol 6.5 LA, Fealures of e magael design
which are now discussed in detail here are as described in the $SC
Concepteal Dexign Report (CDR). (4]

Cable

The cable used in Lhe inner {outer) quurier coils of both
magncts came from 3 single reel. It had a critical current density of
TFT (243 kA/mmT a0 5 T, 4.22 K, a copper-io-superconducior
eave of 147 (1.74), a lilament size of 6 (Sum, and o relative
reNISIance rano between room emperature and 10 K of 63 {(123).

Con

A cross scetion of the collared coil in the yoke and hejjum
vessel s shown an Fig. 1, The coil cross secction (designated
CASKIN s o tour-wedge non-cdiad Blogk design, |5 The design
ditiers anly shightly I'tom the previous design (CISEA), The change
wuy nude 10 further reduce aillowed multipoies.

*Wark performed undér the auspices of the US, Depanment of Encrgy

Ewerca bua

Comam chammmsy.

Sli

BOtE WD K5 bavhsey
WACRAIVIG AR 1 p Tt

oo CRIMDE AnD wem LOds

Tt COROwC I
o

Fig. | Uollared vodl aid yuke,

Ta climinate the abrasion of wedge insulation during coil
molding, the outcr radiug of the wedges was made with the same
curvature as e coil. The resull, in this non-cadial design, was an
“asymmetric® wedge.

To improve coil moiding time, a “single size of the shim used
in the curing {ixture was determined from a size messuremen made
in Ihe same fixture when the B-siage epoxy had become just warm
enough 1o liguily, Also, lurther changes were made (o the coil ends
¢ make them siranger and more uaiform in size,

Coil Assermbly ang Collaring

The G10 “ramp-splice” assembly was modified 10 better sup-
port and presuress the cable. This piece eacapsulates the inner coul
cable as the cable moves 10 the outer coil radius, W also encapsu-
fales the sphice between the inncr amd ourcr coils.

AS in sarlier models [2], the collars were puncheg from
Nitronic 30 s1ainless sicel and spot welded in pairs, with the pairs
then left-nght alternated to prevenot twist in the collarca coil.
Tapered keys were uscd in the collaring, For DSS0L3, the uwsuul
procedure for tapered key assembly was [ollowed, whercoy 1hc
overall presiress on the magnetr during coilaring is minimized by
using both vertical and horizontal force to seat the keys. As an
cxperiment 1o lest differences beiween Lhis provedure and assembly
with rectanguiar keys, DSS014 was assembicd wath Lapered heys
but wul no significant horizontal force,

Yoke and Shell

The inner radius of the yoke laminations was 0.63 mm smaller
than on previous magnets 5o that there would be 3 line-1o0-line (zeto
clearance) fit of yoke and unsiressed coilars at room temperafure.

For the poriion of the yoke which covered the siraight section
of the magner, 15 cm-long stacks of slandard iron laminations were
alternated with single spainless sieel laminations punched 10 pro-
vide channcls for radial helium fow during quenches. All the
laminations were stacked on cods and then compressed w s prode-

Jlermined length 10 obtais a "monolithic™ axial struciure. The yoke

end (including the last 5.2 cm of the inner coil straight secrion}
contained only staintess steel laminations, bonded togeiber.

To assure correc! relative positioning, ihe 1wo yoky halves
were keyed (ogether at the midplane with iron keys. as shown in
Fig. 1. The stainless steel hall shells were then weided around the



yoke. Fhe welding was done by hand, by two welders. The rods
used 10 stack the yoke were wilhdrawn afler the welding was
compieted and the end plates inmizlled. A modest preload (a few
. hundred pounds) was applied 10 ihe coil ends via the onec-pisce
" 34.1<m 1hick end plaies.

Test Resulis
Quench Data

The initial quench program was carried out al lemperalures
close 10 those of SSC operation, 4.35 K. The helium temperature
was then lowered in two 0.5 K steps to determine the mechanical
limits of magnet performance. After a ¢cycle 10 room lemperature,
these sieps were repeated. As seen in Figs. 2 and 3, both magnets
reached the conductor limit at (ields above 8 T with litlle training
and the 1raining was retained after a thermal cycle, The maximum
guench current in DSS013 was 8.11 kA; in DSS014 it was 8.14 kA,
- The curtemt required o reach 8.0 T is approximatety 8.07 kA.
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previous {igure.)

Each magnet had more than 100 voltage taps, ncarly all in ihe
inner coils. Quenches which occurred when the magact reached Lhe
current-carrying capacity of the conductor (“plateau” quenches)
originated in the expected place, the pole lurns of the inner coils, At
435 K, plsicav quenches were ut 6,93 kA, reproducible within
about 0.01 kA.

Taking the locaions of the non-plaieau quenches of the two
magneis as & group, the most common origin was the section of
inner coil cable 3-10 cm beyond the G10 ramp-splice assembly.
Other quenches also originsted in the pole turn, in and fear the
non-lead end, and in the twn next to the largest wedge.

The longitudinal quench velocities genenlly agree with those
in 17 m S5C dipoles. {6] These veiocities are substantially higher
than those measured in 4.5 m 5SC dipoles [7] and in 1 m SSC
models built at LBL [8]. These velocities are alto faster than would
be calcuiated in the adiabatic approximation. (6] The reason [or this
discrepancy is not understood af this time. Azimuthal quench veloc-
ities are about the same for all tbese magnets.

Stress Measurements

Each of :be magnets was instrumested with iwo “beam-iype”
sirain gauge packs. (9] One pack was localed in the straight section,
near the lead end. The other was the lagt pack in the straight section
at the non-lead end. Each pack had four gauges for each coil, plus
temperature compensating gauges. Average data from the gauge
pack in the siright section of DSS013 are presented in Fig, 4.
Gauge-io-gauge variations in siress make the iverage siress some-
what uncertain; however, the linear variation with I° does indicate
that the coils do not become unloaded at the highest current
measured, 7.5 kA,
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Ficld Suengih and Multipoles

The notalion for muliipoles is defined by the [ollowing equa-
tion:

B, +iB, = B, 3 (b, + ia)x + iy)"
nmly

where B_ is the dipole [ield. x and y are 1he horizonial and verugal
coordinates measured from the magnet center. [t is convenient (o
definc a multipolc "unit” as 10~ of the dipolc ficid, wih the

~ multipole cvaluated at 2 radius of 1 cm.

Magnetic field measurements from the ceniral section af the
magneis are reporied in Table [. The variation of the sexiupoic with
currenl is showa in Fig, 5. The multipoles were measured with a



T6-cm long rotating codl centered axially in the magnet. Measure-
ments have been analyzed to remove feeddown and magnelization
effects. 121
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Fig. 5§ Variation of sextupole with current in DS5014. The crosses are
up-ramp data; the squares, down-ramp data.

Insofar as can be determined from two 1.8 m magnets, the
hizher order terms meet the SSC wo-dimensional tolerances. [10]
The low order lerms deserve [urther comment. The guadrupole
terms ¢an be affected by the hand-weiding involved in welding the
sheil around 1he yoke. Use of an automatic welding machine, 1o be
miroduced in the future, may reduce these terms. Allowed
muitipoley can be affected by changes in produciion procedures,
such as the implementation of the line-to-line yoke-collar fit, It
wnould be possible o compensate for these effects by making
“zriher small changes in the coil ¢ross section.

Table | -
Mulnpole Coetficiems (1} “unit™ = 10 Bo‘ r=1 cm}
Measured SSC Tolerances (body)
Lolhient pS3UI13 LSS0I4  Random (rms) Sysicmatic
a, -.55 -2.53 0.7 0.2
a, -.65 -.01 0.6 0.1
a .43 =12 0.7 0.2
ay -12 -0t 0.2 0.2
. -.02 -.03 0.2 —
2y -.02 .0 0.1 —
a -.01 -.01 0.2 —
dy 00 .00 0.1 —
b, =33 -2 0.7 0.2
b, -2.50 ~1.%6 20 1.0
by -.19 01 3.3 0.1
b, -39 -.82 0.7 0.2
b, 00 -0l a.1 0.04
b, a2 04 0.2 0.07
b. -0 01 0.2 0.1

b, 05 03 0.1 0.2

The ficld strengih was measurcd with an NMR probe a1 1.8 T.
The measured iransfer functions were 1.0460 T/kA for DSS013 and
1.0463 T/kA for DS5014. The calculated value is 1.0439 T/kA.

with design shims.

(1

{10}
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