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Introduction

The philosophy behind the two layer magnet was to build it cﬁanging as
little as possible from the standard ISABELLE cosf design but replacing the
braid superconductor with Rutherford type cable. We believed that some of
the more serious problems with the cos® magnet were due to inherent properties
of the braid. The cable superconductor developed at Rutherford and used in
FNAL magnets happens to be almost exactly half the width of the BNL braid so
two layers of it would fit in the same radial space as in the braid magnet.
The cable's properties are well understood and because of its narrower wi&th
the eddy currents induced during ramping are negligible. Also, because the
amount of superconductor per unit volume is higher in the cable than in the
braid we expect a two layer magnet to reach higher fields than the cos® magnets
made with braid. Since FNAL magnets have smaller radii than the BNL magnets

the regular FNAL cable is not keystoned suitably for ISABELLE magnets. Luckily,

a supply of surplus FNAL cable existed with almost optimum keystone and this

made it possible to build test magnets without any long delays. A required
modification from the standard design is the use of a split irom voke. The
cable is more compressible than the braid, and it is therefore impossible to
apply sufficient coil prestress with a thermal insertion into a non-split yoke.
We also believe the split yoke allows better dimensiornal control and other
ﬁractical advantages, such as easy extraction cf coils from yoke.

In the design, the basic coil shape of FNAL magnets was kept, but with
some modifications to improve the uniformity of the field and thus increase

aperture and reduce the load on the correction coils. Every effort was made



to match the dimensions of the standard cos® magnet, e.g., the inner and
outer coil and the ipner and outer iron yoke diameters are the same as
before. This allowed the use of the present winding fixtures for making
the coils and the existing fabricated components such as vacuum vessels,
etc. In addition, the original concept for the correction coils can be used
and the ISABELLE lattzce remains unchanged.

In che following sections we describe details on the design of the two
layer magnet, the superconducting cable, the mechanical construction and
assembly proceﬁurés and the results of tests on the first two magnets. The re-
sults of the taests ara very encouraging and indicate that the magnet zay

fulfill all expectationms.

I. Conceptual Desizn

The cross section design startad from a scalad up version of INAL design
(shewn ia Figure la). A probiem with the FNAL cross secticn is that the
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. nigher order aultipolss are much bigger than ISABELLE tolerancas. The

zmultipola coefficients are defined by a cylindrical harmonic expansion:
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whera v and x are the vertical and horizontal coordinacaes respectively,
r and 3 the corresponding polar coordinates and the crigin is at cencer

of zhe magnet.



As a special case along the x axis the above become
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Bx = Bo (alx + a, X + eee)

We will find it convenient later to use the quantities b” and a” which are
defined as the contribution of each term to the field at 4.4 cm which is the
radius of the beam tube (2/3 of the coil radius), i.e. the maximum possible

working aperture of the magnets. Thus at x = 4.4 cm and y = O:

»

By = Bo (1 + b1 + b2 + ...) and Bx = Bo (al + a) + ...), by definition bn =b

(4.4)n and a; = an(4.4)n. These primed quantities give a better feeling for

n

the contribution of each term to the field at the maximum aperture, By symmetry
the design has all a's and all the odd b's equal to zero. Also b2 and b4 can

be set to zero. However, b6 and b8 are then large: b6 is ~36 times gnd b8 is
N3 times the specified tolerances for ISABELLE. To correct this problem small
wedges were added to both the outer and inner coils as shown in Figﬁre 1b). A
computer program was used to optimize the size of the blocks. The final con-
figuration had negligible high order multipoles, a few percent of specified

tolerances. By plotting the azimuthal distribution of the current integrated

over intervals of 10° (Figure 2), one can immediately see that the final con-
figuration (Figure 1b) is a fairly good approximation to a cosf® distribution.
The cross section of the split iron yoke is shown in Figure 3. The
saturation effects due to this yoke were studied using the program GFUN and
were found to be acceptable, within an easily correctable range.
The design of the ends of the magnet is Intrinsically z three dimensional

problem. One can intuitively see what the end effects are by following the



contribution of ome turn of cable to the current distribution as a function

of the azimuth ¢. Throughout most of its length it contributes at a fixed
value of 4; however, as it is wound around the end, there is an additional
contribution at each ¢ all the way to the pole. The actual current dis-
tribution is shown schematically in Figure 4. One can see that as one adds
many turns the extra contribution beyond that at fixed ¢ adds to the current
near the poles and this tands to introduce negative multipoles. The effact

can be corracted by inserting spacers between windings at the ends, thus ia-
creasing the contribution to the field integral from the turms near the
midplane and decreasing that of the turns near the pole. A top projection

of the ends for the outar and inner coils is shown in Figure 8. The configﬁra—
tion chosen keeps the multipoles well within tolerances. JAnother bonus from
the spacers is to rsduce the field enhancement near the ends. 4 current
element at the end of the magnet will sae contributions to the field coming ’
Zrom 3 sides (rather than 2) as cable is wound around i:z. Zven wizh the

end spacers thers will be sections of cable at the ends that would sees a

larger field than anywnere else and this would lead to enrd gquenching. To
reduce the probability of end quenching the ends ares taken outside the split
iron voke and insta2ad, stainless steel end blocks are used to pravent any

motion.

'

IZ. Superconductiag Cable

Tor construction of the test magnets scme relatively old (> 4 years)
surplus superconducting cabla from FNAL was available and nappened to have

almost the Tight dimensionms for a ISABELLZ type magnet. The cable is 0.307"

wide and kaystcned .0323"

-hick on one side and .0%483" thick on the other.



It is made of 23 strands of standard 2000 filément matrix superconductor with
a ratio of 1.8 Cu to 1.0 NbTi. Each strand is nominally .027" in diameter.
The cable used on CM1 and CM2 was measured to have a resistance at 10°K of
0.61 pQ/cm or a resistivity ratio of about 50. Its critical current was 4600
Amps at 5,5 T and 4.22°K. The equivalent number for new cable is expected

to be at least 5000 Amps. The cable is well insulated with two layers of

1 mil Kapton and one layer of 3 mil glass tape; this is sufficient insulation
for at least 1000 volts turm to turn. In Figure 5 we show a cross section of
the cable. The packing property is high (857% as compared, for example, to
73% for the braid). The mechanical properties of the cable were studied by
applying pressure to little blocks 10 layers high and 3" long. Figure 6
shews the thickness variation as a function of pressure., After about 2 cycles
the curve is reproducible. The Young's modulus obtained from the various
test blocks varied between 1.5 and 2.0 x lO6 lbs—in—z. Under final compres-

sion (v10-11 Kpsi) the cable thickness is reduced by ~2%.

III. Magnet Description and Assembly

A vertical cross section of the half coils is shown in Figure 7. The
outer radius is 3.23" and the inner one, 2.57". Each half coil is wound
separately in an ISABELLE winding fixture with appropriate spacers for the
inner and outer coils. The coils are cured in stages under pressure (4 Kpsi)
at 157°C for three hours. The bonding between turns takes place with the
epoxy on the glass tape just as in the braid cos® magnet.. Each coil has
partial multiple cures, winding being stopped and the coil cured after placing
the Cu wedge or an end spacer. Thus, there are 4 cures for the inner coil

and 3 for the outer coil. Figure S shows a top view of the eands of both coils.



The end spacers on the first magnet were made from Gl0, in the second and
subsequent magnets they are molded of époxy resin (Araldite XD 580).

An insultating layer of 1 mil Kapton pressure sensitive tape is applied
to the imner surface of the outer coil and a2 2 =mil layer of Teflon tape is
applied to the ocuter surface of the inner coil and the outer surface of the
ianer coil: In Q11 an additional 2 =il layer of Teflon tape was applied to
the inside of the outar coil. The use of Teflon minimizes the stick-slip
associatad with the displacement of the coils relative to- their bearing sur-
faces and makes it possible for the coils to Ee under a2lmost uniform comprassion
from the midplane to the pole. The entire coil package of the inner and outer
coils, stainless steel posts and pole spacers and the necessary shims and
insulation ZIs shown in Figure 9; The iasulation to zround is provided as
follows:

a) 3Between outar and inner coil and the stainless steel pos:s~and
.pole spacars, 0.2C0 Gl0 strips,

b) Between the outer surface of the inner coil and the stainless
steel pola spacer, 3 lavers of 0.010" G10 held togather wich 1 mil Mylar
orassure sensitive tape.

c) At the outer surface of the outer coil one layer of 0.1387" GLO.
This layer of G10 has cooling grooves in its ianer side to permit helium
flow. The grooves are 0.062" deep, 0.0923" wide and are spaced 0.373" apar:c.

_The coil assembly procedura starts with the tlacement of zhe stainless

- . ]

steel pole piaces zand tha outer G100 layars in che iron voke. The pola oisces

are set in a fixed location Za the voike with a kev. Solder joints zra made

-4

serween the inner and cutar coils (7 1/2" long). Then the dottom coils ara

1=

aid into the zola spacer and shimming is added 1I necessary. The same



procedure is followed for the top coils. When the top half is assembled a
special expandable mandrel is installed, the whole upper assembly is turned
over and then lowered over the bottom half. Before bolting the two halves
of the iromn yoke, the mandrel is expanded applying a light outward pressure
on the coils. This ensures that the coils remain in contact with the yoke
at the initial stage. When the gap between the yoke halves is less than

60 mils, the mandrel is collapsed and removed. The iron yoke is then bolted
to apply a compressive prestress V11 + 1 Kpsi on both inner and outer coils
at room temperature. When cooled to 4°K the prestress is reduced by about
3 Kpsi. This amount of prestress is calculated so that the polar regions
of the coils remain under compression a; fields up to 6.5 T.

The iron yoke from CM1 and CM2 is made of 6" blocks of epoxy-glued iron
laminations (Figure 10 shows one lamination). Each block has two 13/16
vertical holes bored on each side for 3/4" stainless steel bolts. Stainless
steel rails (5/8" thick) are used to join Ehe blocks longitudinally, keeping
a 1/16" gap between blocks. This method of construction is used toiapproxi—
mately match the thermal contraction of the yoke to that of the coil., The
sﬁainless steel r#ils shrink more than the iron. So, as the magnet is cooled,
the gap between the blocks decreases and no longitudinal stresses build up
in the coil. Every other block has a built-in jack to allow the top block
to be lifted for any minor adjustments. The last 8" of the coils at both
.énds are outside the iron core, as we indicated previously, to reduce the
field enhancement at high fields. The coil ends are held in 8" stainless

steel blocks joined to the iron yoke via the stainless steel rails. The coils

are also restrained longitudinally by end plates to prevent any longitudinal



motion of the coils with respect to the iron yoée when the magnet is
energized. A partial view of the core assembly is shown ia Figure 1.

After the magnet is assembled a bore tube is insertad (but before the
magnet is fully closéd). The outer surface of this tube is helically grooved
to permit He flow along the inside of the inmer coil, Note that the inside
coil is cooled by the flow at the inner surface and the outside coils at the
outer surface; there is no other f£low between the two coils. The bore tube
fits snugly only at the ends so that elsewhere there are no forces between
it and the magnet itself, In the second magneﬁ the bora tube contained a

sextupole ceil. Future magnets will also Have octupole and decapole correc-

ions.

The first magnet built (CM1l) was 72" long and was finished six months
afcer design was startad (seven months aft it was approved for comstruction).
T

it was assembled and ready Zor tasts only three days behind schedule. The

second set of coils (CM2) was ready four weeks latar

IV. Tests of 72" Magmets (CM1 and CM2)

The £irst magnet (CMl) was f{irst checked at room temperatursz Zor shorts
and none was found. The turn-to-turn insulation was gcod up to at least
1 v, coil-to-coil insulacion > 3 Kv and coil-to-ground, > 5 Xv.
-0,

The magnet was then imserted in a2 regular test Dewar, cocled to %4,53°K

‘and ramped at 3 i/sec. The Sirst quench occurrad at 4120 A, corresponding

(¥}

to a field of 5,35 T. ALl subsequentc gquenches at the same zamperaturs2
occurred at about the same value, i.e., the magnet exhibitad no :training,

a rather ramarkatle perfcrmance. A 3

[

2t of guench aumber vs. £iald is shown in

o~



Figure 12a). Most of the points are at 4.5°K and cluster around 5.35 T. A few

points were taken at 4.8° K, those quenches cluster arount 5.1 T and a few
others at 3.7-3.8° K.which cluster around 5.85 T. The magnet therefore behaved
as if it had reached the "short sample limit." To see if this is indeed the
case one has to compare the maximum field reached with the measured short
sample limit. The short sample limit was measured to be IQ (quench current) =
4600 A at 4.22° K and 5.5 T. In order to compare this value with the magnet
behavior one needs to correct for a 2% field gnhancement, for IQ

dependence on B and for temperature dependence. For this calculation one
makes the assumption that B * I n constant. On Figure 13 we show data points
taken for IQ as function of temperature at a given field and the extrapolated
points for the two layer magnet. On Figure 14 we plot the measured load line

(i.e., field vs. current) for the CM1 magnet and the predicted quench current

ys. field for 4.8° X, 4.5° K, 4.22° K and 3.8° k. Figure 15a) shows the observed

magnet performance and the predicted short sample limit with + 2% error. The

points clearly show that the magnet is quenching at the expected limit and
proves that the magnet limitations are not due to any mechanical effects but
purely to properties of the superconducting cable itself. This gives us hope
that with the more recent cable used at FNAL, with a typical I, = 5120 at

Q

5 A0
4.227 X and 5.5 T (measured at BNL), we can expect to achieve fields as high

as 6.2 T at 3.8° K.

The same testing sequence was followed on CM2., In this magnet the bore
tube had 2 sextupole correction coil., When first assembled, two turn-to-turn
shorts were found. It was suspected (but not proven) that the diameter at

the ends of the bore tube was too large, thus applying strong radial pressurs
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on the coils. The magnet was dismantled, the bore tube ground douﬁ to =
reduce its diameter by a few mils, various small defacts correctad, and
then reassembled. Shorts did not éome back at this point. It was then
inserted into the Dewar, cooled to 4.5°K and ramped at 8 A/sec. The first
quench occurred at 4050 Amps (corrasponding to 5.05 T) and all subsaquent
ones at 5.35 T (same as Qf1). The quench number vs. field is shown in
Figura 12b) and in Figure 15b) the obsarved magnet performance and the
predicted short sample limit., Just as CMl, CM2 is quenching at the axpacted
limic,

Before the magnets were cooled the field components were measurad with
a 10 A current. The measurament errors at this current are too large for
the higher harmonics; the low harmonics agreed with the later cold zeasurements,
It seems therefore possible that with higher currents and better zazsursments
the magnet £iald quality may be checkaed before cool~down. Because the surplus
cable thickness varied v + L @il in 60 miis one could not really attempt to
meet design specifications (on one layer of (ML onme turn aven had Eo be lef:
out). Therefore, the magnet was shimmed to obtain che correct presctress and
then the fisld multipoles wers calculated based on the size of the shims, The
actual coil positions wera not measured, only the xnown shim sizes were used
to pradict the zultipole components. Ia Table I we compare the 5 and 2~
values and the actual =easurements at 1200 Amps for toch CHI and Q{2 (i.=.,

- . e +
i

well befors saturazicn). The agrazement is generally good except Ior ay

g
o.

a}, sarticularly the latter which is merz than 4 times 3NL tolerance.
fact chat the a's arae not zero indicatess that we are not able to =make the zop
and dot=cm hall of the magnet identical. The fact that scme are 2ot aven
within :he_pradictions indicatas that we have not vet learned how 0 measura

this zmismacch. We 5elieve these problems should bSe solved when bettar cabla
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is used. 1Its thickness is now controlled 4 times better than the surplus

cable used for CMLl and CM2.

In these magnets there are basically no effects on the multipoles
during ramping, a.c. and d.c. multipoles are the same within measurement
errors up to ramp rates of 120 A/sec. The difference between cable and braid to
first order reflects basically the difference in the width, the cable is
only half as wide and the eddy currents go roughly like the width to the
5th powerj' When the magnet is ramped at high rates (> 40 Amps/sec) it
seems to feach.slightly higher fields before quenching than at lower ramp
rates. It has been demonstrated on CM2 that this is due mostly to a delay
between tﬁe time when the quench current is reached and the time when the
quench actually starts. When the rampingvat high rate 1is stopped at a
quench current obtained at low rate the magnet quenches a second or two later.
The magnetization effects were studied. for CM1 by ramping the magnet
up and down at 4.5°K and at 3.8°K, bé vs. current is shown in Figure 16:
'Abé at injection is 11.2 x lO-4 (tolerance Vv 1.4 x 10—4), close to the
predicted value 10.2 x 10-4~ The fluctuation from magnet to magnet (based
on experience at FNAL) are ekpected to be “0.3 of BNL tolerance, so pose
no serious problems. Furthermore, the temperature effect from Figure 16
impliés that to meet BNL tolerances the random temperature variations must
be controlled to 0.7°K. This should not be a problem.
The saturation effects at 5 T are 20% worse on the cable magnet than on

the standard cos§ design (117 vs. 8.5%) because of cutouts, stainless steel

The eddy currents actually go like = w3t2 where w is the width and t the
transposition length. If everything scaled equally the effect would be
like w3. In fact t for the cable is 1/4 that of the braid so that the
eddy currents are ~ 100 times smaller for equal interstrand resistivities.
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bolts and cracks between 6" blocks of the iron yoke. Saturation as a
function of field is shown in Figure 17, this is not a problem at 5 T, but
by 6 T, the amount of stray field is probably unaccaptable. If one wanted
to push this magnet as high as 6 T (possible with better superconductor)

the amount of iron will have to be increased. 3z2cause of saturation effects

the multipolas change as a fumction of currenc. Figure 13 shows b and b;

)

as a function of current measurad in CMl. The overall excursion £from in-

for b and 2.6 x 107% for b/. This should

jection to maximum is 27 x 10

not be difficult to correct.
The fir#c magnet was also tested for éuench protection. All quenches

in the self protection study originated in the inner coil. The value of

I I2 dt was measured as a function of the extermal protection rasistance Rext

(for I = 4200 Amps). The rasults are shown in Table II together with predicted

, 2 3 . .
values. The intagrzal 1" dt can be related to the maxizoum sossible temperature

el bl ! T =< Fav =i, -
(T:ax) during a quench. 7To obtain Tmax for the cable one can use the

2
, 22 . L. . - e
S IT dt vs. T < relation wnich is known for the braid and scale it using

resistance measurements, This method agrees wichia 10% with published FNAL

. . . . - . 6 2
cata. The darger point for the cable is 7.0 x L0 amp sec, correspondin

w 7 2A0 s . 2
te T ___ % 4507 X, In addiction to / I” dt other quantities that wera derar-

zined were the quench velocity, v 1,7 =msec/turn (assuming the quench £o have

12 1)
T

originated near the and of the coil), cthe =ime zakan For the guench t3a propa-
gata Irecm the iznmer coil o the outar coil ™33 =sec and the time tzken for

O propagate to the opposite half coil ~100 msec. It is wict

ct

the quench

e P . ot ve e : s
<ae use or these numders and a preogram originallr designed to calculaca ot
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This program can be used to predict [ Izdt for a long ISABELLE size magnet
(x3). One obtains at I = 4200 A S Izdt = 5,9 x lO6 A2 sec. This may seem
uncomfortably close to 7 x 106 A2 sec; however, it corresponds to M = 301%k
(21°C) quite far from Tmax = 450°K (170°%c). It is possible than, that the
long cable magnets will be self-protected, at least at I = 4200 A.

At low currents it takes a longer time for a quench to propagate, so
J Izdt can be higher, To study / Izdt as a function of current, a heater was
inserted in CM2 during assembly. With this heater it was possible to induce
quenches at low currents. The worst case [ I?dt was found to be 5.3 x 106
A2 sec at 2500 A. Whether this implies that at some current the long magnets
may reach the danger point still needs some study. Using an external power
supply three quenches were generated at 2500 A with S Izdt = 5,9 x 106 A2 sec.
No deterioration in magnet performance was observed after these quenches. The
next magnet CM3, will have several heaters ‘so that [ Izdt can be studied as a
function of both current and quench location. It will also be tested in both
"liquid and super-critical He. Azimuthal propagation is expected to be better
in the latter,

The sextupole trim coil was tested with CM2. It in n§ way affected the
performance of CM2 when powered. The coil needs to work in the range + 130 A.
It was run repeatedly at + 100 A and once at + 200 A (at 5 T). No quenching
oécurred. It was also powered during ramping in the mode needed for correct-
ing saturation effects. The b, was kept within tolerance without difficulty

2

throughcut. The trim coil affects also b4 but the change is well within

tolerance after the magnet is cycled.



V. Conclusions

The first magnets built and tested (CML and CM2) fulfilled expectations
beyond what anyone hoped. CML reached maximum field Bmax on the first quench
and 2 on the second quench. Bmax was a function of temperature, just as
expectad if the cable had reached its "short sample” limit. They had no
detactable eddy currents up to ramp rates of 120 A/sec. The magnet seems
to have quench self-protaction but at scme currents the margin may be
uncomfortably small, so a protection scheme will be incorporated. Their
field quality,.alchough anot within ISABELLE specifications, is raasonably
well understood., There is high hope that if cable currently manufaczured

(instead of 4 years old surplus stock) is used the fiz2ld quality rsquirements

3,

11l be met. In addition to replacing braid by cable there are zany =mechanical
differences between this design and the cos® magnet, the most significant

being the use of a split iron yoke made of blocks, restraining the ends with
stainlaess steal instead of iron, and provi&ing npon stick-slip bearing surifacss.
. Whether any one or all of these diffarences ara responsible Zfor its berczer
training characterisctics may be worth investigating to achisve an optimum

cost for production models. However, the present design periorms very well

and the =main task ahead is to verify that a magnet chrse times as long will

be able to rapeat its performanca. Sinca the magnet ends raprasent che m=osSt

diZficulc part of the =magnet assembly (and will ramain unchangad), we bdelieve

J

in length should not e a factor zffacting the jer

5]
(]
-
4]
n
"
[
(]
1]
1]
™

(21

crancsa,

n.

Thus, we Zeel confident that che long magnets will do as well.
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Table II
2
J17dt vs. R for cM1
ext
R .fIzdt
ext 6
(mQ) (10° Amps sec)
T
Calculated Measured (Estimated)
60 3.6 3.8 150°x
35 4.1 4.1 165°K
10 4.5 4,2 170k
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Cross section of two layer magnet dasigas: (a) Fermilab design,
(b) Present ISA desigmn.

Current distribution integrzted in intervals of 10° as a
funccion of azimuth ¢ (¢ = 0° at the median plane,

90° at the pole).

Cross seaction of iron yoke in preseat ISA design, bolts are of
stainless steel.

Current distribution foé one turnm incegratad over length for

a small 4 interval as a function of che azimuth & (¢ = 90°

at the pole).

Cross section of the superconduc=ing cable showing schematically
tzpical strand distortion. Befors ccmprassion Into the cable
strands ara nominally .027" in diamater.

Variation under praessure of a 3" leng, 10 layvers high,-stack of
superconduc:zing cable. Aftar two cveclas the variation is reproducib:
C:oss‘section of outer and inner coil,

20lled out top view of coil ends (a) inner coil, (b) outar

coil.

M

Crogs section of a fully assemblad ==gnet (excepting

Tront view of cne lamination Zor th

11

izon voke,
Parzizl wiew of a closed yoke witll stainless steel end.
\ e

Quench £isld vs. quench auxmber (z) I, (b)) CMZ,

{easurad points of quench curranI Vs, famperature a3t variocus



Figure Captions (continued)

Figure

Figure

Figure

Figure

Figure

14

15

16

17

18

Load lines calculated for CM1 magnet, dashed line is the one

expected without iron saturation, solid line is the one with

the saturation of present yoke. Points are the predicted quench

currents (and field) for a given temperature.

Quench field vs. temperature (a) CM1l, (b) CM2. The dashed
lines give the expected range calculated from ''short sample
limit" measurements.

b; vs. current at 4.5°K and 3.8°K. The lower curves are
for increasing currents and the upper curves for decreasing
currents.

Calculated magnet saturation as a function of the magnetic
field. The upper curve is for the braid magnet, the lower

curve, for CMI1.

b£ and b; vs., current for CM1.
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