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Abstract

The design and construction of a field-free channel through the transverse
central magnetic field of a 54-inch aperture magnet is described. This flux-
free path is an essential part of an experiment at the Stanford Linear Accelerator
Center to measure the electron production of neutral rho mesons. The flux ex-
clusion tube itself is made of Nb3Sn tape bonded with lead-tin solder to form a
rigid tube of laminated superconducting material, approximately four meters
long and from 6 to 25 mm in diameter. The transverse magnetic field shielded
exceeds 1.5 T. The performance of the tube and its associated cryostat is

discussed.
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1. Introduction

In this paper, we describe the design and construction of a superconducting
flux exclusion tube 4 meters long and 1.3 cm average inside diameter, which is being
used to create a field-free path through a transverse magnetic field of 1.5 tesla
in an experiment at the Stanford Linear Accelerator Center. To the best of our
knowledge, this is the first application of the flux exclusion properties of super-
conductors on such a large scale, and at these fields.

The experiment1 is shown in Fig. 1. A 20-GeV/c electron beam containing
2 X 104 electrons per 1.4-~usec pulse is incident on a liquid hydrogen target. In
the reactions of interest, high-energy particles are produced at angles in excess
of 30 mrad to the direction of the incident beam. These particles pass through
an analyzing magnet with a peak field of 1.5 T and are detected in large area
spark chambers and shower counters. Many photons, low-energy electrons and
positrons are also produced in the target at very small angles to the beam, typ-
ically at angles of ~ 2.5 X 107° radians. The analyzing magnet would spread the
charged particles out and create a severe background problem in the detection
system, were it not for the superconducting flux exclusion tube through which
they and the beam can pass without deflection.

The importance of creating a reduced-field path through the analyzing mag-
net was suggested to us by K. Heinloth,2 the use of a superconductor to effect
this by J. C. Pratt. 3 In the course of our work, we learned that similar super-
conducting shields were being developed at CERN by Firth, Krempasky and
Schmeissner, 4 using many layers of copper-clad niobium-tin ribbon. The tech-
nique which we finally adopted is an extension of their method with the important
difference that the individual layers of Cu~NbSSn tape are bonded together with

a lead-tin solder to form a rigid tube of laminated superconducting material.

-2



In Section 2, we briefly discuss the basic theory of flux exclusion. Section 3
reviews some early development work, while Sections 4 and 5 are concerned with
the results obtained with test samples of various designs. Section 6 describes
the construction of the 4-meter tube and cryostat, and the performance is dis-

cussed in Section 7.

2. Some Remarks on Field Screening

‘When a magnetic field is applied to a hard superconductor below its transition
temperature, acertainamount of the field will penetrate into the surface of the super-
conductor where it will induce screening supercurrents which willtend tokeep the in-
terior of the superconductor practically free from the magnetic field. Now, it is the basic
premise of the theory of magnetization of hard supereonductors5 that there exists
a limiting macroscopic supercurrent density J c (B) which the superconductor can
carry, determined uniquely by the local magnetic induction B. Thus, by Ampere's
law, as the field is increased, the induced currents will spread into the interior
of the superconductor. Up to the lower critical field, Hcl’ the field is totally ex~
cluded by the surface currents. As soon as Hcl is exceeded, the flux begins to
penetrate and superconducting regions immediately below the surface assume the
mixed state. The rate of decrease of field with penetration depth is then evidently

given by

[oF
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while the local value of the critical current density J c is related to the induction
B by the relation6

a = JC(B + BO) (2)

where both o and Bo are constants of the material.



If o is evaluated at the operating temperature for the superconducting tape
used in the present work, and if J c is taken to be the average overall current
density in the material, we find that B_ = -.32 T and @ = 4.15 x 10" tesla

-2
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Combining Eq. (1) and (2) with B = uoH, we obtain

dB “oa

r  B+B (3)
o

The solution of this expression is governed by the boundary conditions on the
outside surface of the superconductor and the corresponding conditions in the
interior where the field is just zero. If the external applied field is B€ / By
then at a point just outside the surface
Be sin 6
B=—w— (4)
In the equatorial plane, this reaches the maximum value of the flux density

Brax = 2Be

provided that the demagnetizing coefficient n is taken as 1/2. The thickness of

superconductor, w, just sufficient to reduce the external field to zero is thus

B2+2B B
w = 0
2;,Looz
or (5)
2 <2
weq__—uooz B€ +BoBe>

in the equatorial plane. To achieve complete shielding of an external field of
1.5 T, the superconductor should therefore be at least 90 um thick.
For our long, hollow, cylindrical shell of constant thickness w, placed in

a uniform transverse field Be’ the current distribution can be determined from
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the boundary value solution, in terms of cylindrical harmonics, of the magnetic

vector potential. It has the form

J, = (6)

For a diamagnetic cylinder, f(r) = 1, and the maximum current density in a
1-mm thick shell in a field of 1.5 T is 2.4 X 109 A m—z. Also, the net induction
at the exterior surface of the shell will be zero at 6 = 0, while it will be 2 B€ at
6 = w/2, 3n/2.

The interaction of the supercurrents and the applied field results in a static

inward radial pressure on the cylinder, given by

2B2 2 9
p= € sin“ 0 N/m (7)
o
which, with B€ =1.5 T, corresponds to a maximum pressure of 35.8 X 105 N/m2

at 6 =+m/2,
In the present application, the cylinder is composed of two half-shells, with
their line of separation at 6 = + 7/2. The geometrical symmetry of the cylinder

requires that the currents induced in the shells obey the condition

/2

j j,dé =0 (8)

-T/2

Then if the dividing plane between the two half-cylinders is rotated about the



longitudinal axis through a small angle § with respect to the applied field, we
speculate that this rotation will result in an interior field of magnitude B€ sin 8,
in a direction normal to the slots. This field produces a torque on the tube,
whose magnitude per unit length will depend, among others, on the slot width
and on the radius of the shells. We have attempted to measure this torque but
our method proved to be insufficiently sensitive to determine the functional re-
lationship of the relevant variables unambiguously. The torque can be quite
large: at 1.0 T and 10 degrees rotation, the largest value measured was about
50 Nm per meter length of shield.

Thus to shield an external field of 1.5 T, we require a superconductor
with a minimum critical current density of about 2.5 X 109 A m—z, and a sup-
porting structure designed to withstand a pressure of some 40 atmospheres,
directed inwardly for flux exclusion but directed outwardly should flux become
trapped inside. The structure must also resist the considerable torsional
forces in addition to being capable of precise alighnment. The gap between the
two semi-cylinders of the superconductor must be small compared with the

radius of the tube, in order to minimize field penetration.



3. Early Development Work

Our early attempts at constructing a flux-excluding tube were based on the
assumptions that (a) niobium-titanium foil would have to be used, (b) adequate
liquid helium permeation for cooling purposes is essential, and (c) the direction
of the rolling of the foil is important, insofar as it produced a grain orientation
which might enhance the critical current characteristics of the superconductor
in a preferred direction.

We used various thicknesses of Nb-Ti foil, from 300 pum down to 33 pm, with
and without interleaved copper spacers. The construction involved winding 30 cm
wide material around a stainless steel mandrel into a multilayer spiral. Winding
was either by hand, with little control over the tightness of the roll, or on a lathe
with careful tension control. The samples were placed in a liquid helium bath and
an external transverse magnetic field applied. The field inside and outside the
shielding cylinders was continuously monitored. Typically, no field penetration
would be observed below ~ 0.6 T. Above this applied field, a flux jump would
occur, with either partial or full penetration of the external field. A further in-
crease (or decrease) of the external field would result in no immediate change in
the trapped internal field until the applied field had changed by more than about
5 percent, and then further flux jumps could be produced. We judged the quality
of our shield tubes by the strength of the external field at the point where the first
flux jump occurred. Usually the hand-wound samples produced mediocre shielding
results and the tests often resulted in samples that were badly distorted by the mag-
netic forces. The machine-wound samples fared better: 10 effective turns would
shield up to 0.65 T, as shown in Fig. 2. On the other hand, additional turns did not
seem to improve the shielding characteristics proportionately. Reducing the tem-

perature of the liquid helium to 2° K did not significantly improve the shielding



characteristics. We concluded that adequate cooling did not appear to be limiting
the shielding factor. Also, experiments not directly concerned with the shielding
of magnetic fields suggested to us that the lack of mechanical stability, a feature
common to all of our tests so far, might be preventing us from reaching greater
shielding factors. In samples which were tested repeatedly, frequently with a
trapped field remaining after the external field had been reduced to zero, we ob-
served a progressive reduction in the shielding capability. Usually this reduction
couid be correlated with mechanical deformatioﬁ of the shielding tube by the cumu-
lative cyclic effect of the magnetic forces.

One further set of experiments should be mentioned here. It has been brought
to our attention that the Linde Division of the Union Carbide Corporation had devel-
oped a processr7 for making high-field superconducting alloys by plasma plating
niobium and tin and other powder blends onto shaped carrier substrates, followed
by an appropriate heat treatment of the composite. We acquired two tubular com~
posites, one made of NbSSn, the other of NbXTi. The behavior of the Nb3Sn tube
is shown in Fig. 3; the NbXTi tube failed to shield more than 0.1 T. Again the
shielding was relatively unsatisfactory for reasons that we were unable to explain.
As we saw no immediate improvement in the shielding characteristics and as we
clearly had no control over the fabrication process, this method was considered
to be unsuitable for our application. We therefore turned our attention to the re-
maining alternative, namely, Nb3Sn tape.

As furnished by KBI, 8 this material consists of a 6 - 12 pm thick niobium
substrate carrying on both sides a 2 - 3 pm thick layer of NbSSn which in turn is
protected by a layer of electrolytic copper, the whole sandwich being about 30 to
35 um thick. The critical current at 4. 2°K and 10 T of 5-cm wide tape is about

150 A. 1In the first series of experiments, the foil tape was spirally wound under
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constant tension on stainless steel mandrels 1 cm in diameter and 10 cm long.
No additional copper strip was used and no attempt was made to provide extra
cooling passages. The samples were prevented from unrolling by mechanical
clamps. All measurements were made by mounting the tubes transversely at the
center of a 15-cm bore superconducting solenoid, capable of providing a field of
1.2 £ 0.2 T over the tape. The samples prepared in this manner, besides their
rather erratic shielding behavior, often exhibited considerable mechanical dis-
turbance, even damage, at the end of the tests. This reinforced our earlier con-
clusions that mechanical distortion of the material was primarily responsible for
the degradation in performance.

The same material used in the above tests was coated on both sides with a
thin layer of Wood's alloy and warmed during the wrapping process. The end
product, a rigid, monolithic, spiral roll of superconducting tape, was tested as
before. Typically, a tube made up of 6 layers of superconductor (3 turns) would
shield ~ 0.5 T after which the field would penetrate smoothly with no flux jumps.
Figure 4 illustrates the improvement in performance which this tech-
nique effected. As the 90-um thick tape proved rather difficult to work with, we
switched to 120-pum material, which is a composite sandwich of two niobium tapes
and four Nb3Sn layers between two copper cladding layers, each 30 um thick. The
critical current of a 5-cm wide strip at 4. 2° K and 10 T is 300 A, or twice that of
the thinner material. With this thicker and more manageable material, we were
able to reproduce quite consistently the earlier results and our conclusions re-

mained unchanged.

4. Laminated Semi-Cylinders

The spiral wrap technique, based on 5-cm wide modules, is obviously un-

suitable for any kind of tubular construction involving long lengths. Quite apart
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from edge effects which, as our measurements have shown, would have mate-
rially increased the number of layers per tesla required to shield the applied
field, we found no solution to the problem of combining 5-cm wide tubes into an
assembly some 4 m long. We therefore returned to the original concept of com-~
bining two semicircular shells info a long cylinder. The manufacturing process
is illustrated in Fig. 5. First, an aluminum die in the form of a semi-cylinder
was made, in which the requisite number of layers of superconductor were shaped.
As Wood's alloy proved difficult to work with, we switched to a 60:40 eutectic
lead-tin solder whose melting point of 184° C was still low enough not to affect the
properties of the superconducting tape or to delaminate it. The aluminum die with
the superconducting tape under compression was warmed to just above the melting
point of the solder, additional solder being added as required. After the bonded
material had cooled, the protruding superconductor and excess die material were
milled off to produce two accurate semi-cylinders. The two completed semi-
cylinders were placed around the copper-plated stainless steel mandrel and
clamped between the two machined female sections of the original die. This as-
sembly was reheated with the addition of solder as necessary to join the two semi-
cylinders to the central tube. Depending on the type of measurement, additional
clamping was provided by either modified hoseclamps or by sliding a heated
tightly -fitting copper or stainless steel tubular sleeve over the superconductor.
The irregular ends of the superconductor were usua}ly machined off to provide
samples of uniform length.

This method provided a consistent set of samples, the measurements of

which will be described in the next section.

-10-



5. Experimental Measurements

With the exception of the initial experiments with NbTi foil tubes, which
were studied in a C-magnet and in a large bending magnet, our measure-
ments were made either transversely in the field of a 15-cm bore solenocid or
in a split-coil superconducting magnet, with an iron yoke and shaped pole pieces,
and a 5-cm gap.

The field internal to the tube was measured with a Hall plate; the applied
fiela, initially calibrated using similar Hall platés, was obtained from the mag-
net energizing current. The performance of each sample tube was recorded both
as an X-Y plot of the magnet current as a function of the internal Hall plate volt-
age, and as a digital record of the same data, plus the environmental parameters
for the run. As our first series of measurements did not indicate a dependence
of the shielding characteristics on the rate of change of the applied magnetic
field (at least to within the accuracy of our measurements), no attempt was made
to control the charging rate of the magnet. However, the characteristics of the
magnet were such that rates in excess of 0.5 T per minute were achieved only in
a very few measurements, and most measurements were made at rates of about
=V

ext:Iapplied vs Bint Hall) 18
shown in Fig. 6. The smoothness of the penetration of the field into the shielding

0.35 T per minute. A typical shielding curve (B

tube and its reversibility proved to be, after we gained experience, a measure of
the skill and care with which the sample was assembled. Towards the end of our
program, we were able to predict the behavior of our samples from their manu-
facturing history: If the tube went together well, without rework, usually no dis-
continuous behavior was observed. If, on the other hand, the solder did not wet
the superconductor properly, or if the final reheating cycle was inadequate, or

if the solder became overheated, the sample would almost certainly display
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discontinuous field penetration. In every case where the tube sample failed by

a flux jump, we were able to restore the smooth field penetration characteristics
by careful rework of the sample, either by resoldering or by providing additional
mechanical supports or both. We were unable to detect any effects which could
be ascribed to local instabilities caused by thermal gradients, overheating of the
superconductor or local hot spots, using samples that were encased in stainless
steel, copper, or were left bare. We also endeavored to examine the effect of
increasing or decreasing the amount of copper 1n the superconductor as a func-
tion of the rate of change of the applied field. Doubling the copper content of our
tapes and increasing the magnet charging rates from 0. 05 to 0.5 T per minute
produced no effect detectable by our measuring equipment. We therefore con-
cluded that within the accuracy of our apparatus, our application, and our tech-
nique, both temperature and dynamic stability effects are not observed. By con-
trast, however, mechanical deficiencies in the construction of our sample tubes
would invariably lead to abrupt field penetration, and this would occur in a re-
markably consistent pattern. We observed no "training" in this phenomenon. A
tube that permitted the outside field to penetrate at 1.85 T one day would do so
again, within + 0.05 T, one month later.

Figure 7 illustrates the general behavior of shielding tubes constructed of
Nbssn tape from the same manufacturer. It is a plot of the external field at which
flux penetration begins as a function of the number of layers of superconductor.
All points are actual measurements made on numerous samples of various lengths,
diameters, and numbers of layers of superconductor, taken over a period of months.
Each point represents a series of measurements which, because of the high degree

of reproducibility, cannot be resolved individually on the graph.
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The regularity of this graph is striking, particularly when one considers that
a considerable fraction of the superconductor in each sample is in the metastable
critical state. We know from other evidence that this state is highly unstable and
that very small disturbances in the applied field or temperature fluctuations will
trigger a local catastrophic penetration of flux which may drive that region into
the normal state. Since the penetration of flux is a regenerative process, we
would expect this process to propagate through the tube. Our experimental ev-
idence, however, seems to indicate the oppositeh. At no time did we experience
the difficulties described by Firth et al., provided the mechanical integrity of the
tube was unimpaired. As Fig. 7 shows, measurements made under very differ-
ent experimental conditions and with different techniques are reproducible to a
remarkable degree, even to the extent that a smooth curve through our data also
passes very close to the point at which Firth et al. observed smooth flux penetra-
tion in their tests.

For geometrical reasons connected with the experiment, the diameter of the
flux excluding tube was required to change along the beam. As it proved imprac-
tical to make a conical shielding tube assembly, a stepped construction was adopted
with long superconductor overlap regions at each change in diameter. We made
numerous samples of different diameters that could be nested inside one another
and determined, as before, the shielding characteristics of such a composite as a
function of the length of the region of overlap. A typical series of measurements
is shown in Fig. 8. The overlap decreases from top to bottom. On the basis of
these and similar measurements, we concluded that once the overlap length between
two concentric shielding tubes exceeds the diameter of the larger tube, the shield-
ing characteristics of the outer tube are maintained, and there is no discontinuity
in the shielding across the overlap, provided, of course, the shielding capacity of

the smaller or inner tube is not exceeded. These findings, incidentally, are in
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qualitative agreement with the earlier work of Haid et al. The above comments
apply only to the gross behavior of the overlap region; some local disturbance
of the fields must necessarily occur at the ends of the respective tubes in the
region of the current turnaround. We have indeed observed small anomalous
field penetration effects under the rather specific condition where the external
field is about to begin penetrating one or the other shielding tube. As the design
of the final shielding tube certainly did not call for such a critical condition, we

postponed the investigation of this effect to a later date.

6. The 4-meter Tube and Cryostat Construction

Figure 9 presents an exploded view of the shielding tlibe, its cryostat and
the liquid helium supply dewar. The relatively stringent requirements of the
experiment produced a complex structure: Although the shielding tube proper
is only ~ 4 m long, the cryostat vacuum jacket had to be extended through a
series of spark chambers and counters to the liquid helium supply, so that the
overall length of the system is about 7.3 m. Further, the angle subtended by
the tube at the target was restricted to 20 mradians and the maximum outside
diameter of the vacuum jacket to 9 cm. Finally, the entire assembly was to be
located to within + 2 mm and aligned to within + 125 pm in the horizontal and
vertical directions in the magnet and spark chamber system.

The mandrel supporting the superconducting half-cylinders is a stainless
steel tube, the outside diameter of which increases in three steps from 9.5 mm
to 15.7 mm to 19.0 mm. The outside of the tube was plated with 75 um of cop-

per to facilitate the soldering process.
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The superconducting shells are made in the manner described before but
on a much larger scale in a special furnace and under accurate temperature
control. Our experience with the soldering process convinced us that the pre-
tinning operation of the superconducting tape is of crucial importance and we
therefore ordered the tape for the final shielding tube already tinned by the
manufacturer. The dies appropriate to each mandrel diameter were made in
pairs, one for each semi-cylinder. The final assembly of the tube was made
in the same jig and using the same dies in which each individual semi-cylinder
was made. The overlap regions were made at least 50 cm long, and where re-
quired, brass filler shells were used to smooth out the transitions in the mandrel
dimensions separating the superconductor subassemblies. In the final reheating
and soldering process, great care was taken to minimize the amount of solder
used and to achieve a good bond.

The number of layers of superconductor in each pair of shells was chosen
so as to give a minimum safety factor of 2 in the thickness, as judged from the
data of Fig. 7. The number of layers in each section is given in Fig. 9.

Starting at the upstream beam window, the helium vessel has a cylindrical
geometry with a diameter that increases stepwise from 16 to 36 mm. At the
collimator (see Fig. 9), the helium container is formed of a square stainless
steel tube, 2.7 m long and 38 mm on a side, placed on edge.

In order to align the shielding tube and to hold it against the almost unavoid-

able torque, as well as to provide additional mechanical support, 17 octagonal
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stainless steel spacers, 10 mm wide and 27 mm i.d., were slipped onto the out-
side of the tube. A brass split ring held within the octagonal spacer by four
screws completed the support. The support spacers were aligned accurately
along one face and locked in place. This assembly was inserted into the square
helium vessel which now held the shielding tube rigid by virtue of its stiffness
and resistance to torsion. After the helium fill line was inserted, the front
cylindrical portion of the helium container was attached by welding to the square
tube and by soft-soldering the inside mandrel to a copper-plated stub at the up-
stream end of the container. The downstream end of the helium container was
capped by a stainless steel transition piece carrying the liquid fill and gas vent
lines, the central beam tube, and a small instrumentation line.

The square portion of the helium vessel is held inside the vacuum tank on
two low-conductivity supports which serve both to maintain the tube concentric
with the vacuum tank and to transmit any torque forces to the suspension system.
These two supports consist of perforated thin-wall stainless steel tubing, 50 ecm
long, their ends holding the square helium tank through two thin fiberglass spacers.
The vacuum envelope has collars welded to it in two places, each collar having two
threaded 6.5 mm diameter holes drilled through it. Two bolts per support pass
through these holes to engage similar holes drilled in the perimeter of the central
ring of each support tube. Standard 7-mm seal rings under each bolt head ensure
the vacuum integrity of the system. Any torque experienced by the superconducting
tube is therefore transmitted through the brass split rings to the octagonal spacers,
to the square helium tank, to the support tubes and thence to the outside support
system via the four bolts. The advantage of this system is that each component
could be built and tested separately and the final misalignment error estimated from

the tolerance stack-up.
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At the upstream end of the system, where space limitations prevented this
approach, no attempt was made to provide torque-resistant supports. The conical
portion of the vacuum tank is a heavy-walled stainless steel spinning which slides
into a collar on the cylindrical portion of the vacuum tank. An O-ring ensures
vacuum integrity and a double row of lock screws engage corresponding V-grooves
on the cone to facilitate alignment of the cone with respect to the cylinder. The
apex of the cone has a short length of tube soldered to it, the inside flared end of
which engages and centers the mandrel of the shielding tube. A second support,
about one meter from the upstream end, supports the cylindrical portion of the
helium tank. Since only the central portion of the helium tank is held, uniform
shrinkage of the helium tank assembly on cool-down can take place from both ends.

At the downstream end of the helium vessel, simple fiberglass supports hold
the beam tube, the supply, vent, and instrumentation tubes concentric with the vac-
uum tank. All components exposed to liquid helium temperature are electro-
polished and wrapped with an average of 60 layers of aluminized mylar super-
insulation. The insulating vacuum is common to the beam tube, the main vacuum
tank and to the liquid helium supply vessel. A blown 100 gum thick mylar window
at the upstream end and a flat 350-um mylar window at the downstream end com-
plete the vacuum barriers.

The liquid helium supply vessel is a 30-£ capacity superinsulated cylindrical
dewar with an intermediate helium vapor shield. The loss rate, when tested
without the shielding tube, is about 0.7 £ of helium per hour. Liquid helium is
drawn off from the bottom of the supply vessel and injected under the hydrostatic
head pressure (on the average about 30 cm of liquid) at a point about 1 m away from
the upstream end of the tube. The vapor returns along the top edge of the square

tube to the exhaust vent. Under normal operating conditions, this vent is filled
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with a two-phase mixture, the motion of which increases the driving force with
which the liquid passes through the system. The system requires careful ad-
justment of the differential pressure between the fill and vent lines. Too high a
pressure results in a high boil-off, too low a pressure tends to starve the first
several centimeters of the helium tank of liquid. Because of lack of space, the
insulation in that region is just barely adequate and this produces a preferential
warming-up of the superconductor.

The temperature and hence the level of liquid in the helium vessel is mon-
itored along its length, both inside and outside, by 270-ohm, nominal value,
1/8-~watt Allen-Bradley calibrated carbon resistors. A 5-resistor ladder in the
supply dewar activates the liquid level alarm and automatic fill system. To mon-
itor the shielding performance, a Hall plate is mounted on an epoxy-fiberglass
ring at the end of a long, 125 pm thick, mylar tube which reaches to the colli-
mator when inserted into the vacuum space of the support mandrel from the up-
stream end. This arrangement makes replacement of the Hall plate possible in
the event of its failure as the downstream end is not accessible, when the shield-
ing tube is installed in the experimental set-up.

The shielding tube and its ancillary equipment were thoroughly tested before
installation in the 54" magnet and the various loss rates measured. The boil-
off is necessarily liquid level dependent: with a 40-cm liquid level in the supply
dewar the boil-off averaged around 12 £ per hour, while with a liquid height of
only 10 em, the loss dropped to 7.5 £ per hour. Over a 24-hour period, the loss

rate averaged about 10 £ per hour.

7. Results with Beam

The shielding tube was suspended in the magnet on 6 sets of 160 um thick

stainless steel cables pretensioned to ~ 300 pounds each with 20-cm steel
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turnbuckles. The alignment procedure consisted of sequential adjustment of the
turnbuckles while sighting optically through the bore of the tube before the final
installation of the upstream beam window. An accuracy of + 0.25 mm in the
vertical and horizontal directions was thereby achieved. Before the first cool-
down, the effect of the magnetic field on the warm tube was examined, and the
internal Hall plate calibrated.

The cooldown of the tube takes on the average 7 hours from the time liquid
is first admitted to the point where the temperatﬁre in the tube has stabilized.
The average rate of supply of liquid over this period is about 16 liters per hour
with about double that rate during the final filling operation.

The 54'" magnet was initially energized to 1. 05 T at the rate of approximately
0.1 T per minute in steps of ~ 0.3 T with a waiting period of some 30 minutes be-
tween each step. The Hall plate voltage changed from 1.195 mV to 1.220 mV,
corresponding to a rise in the field inside the tube of 0.46 mT. An inter-
esting phenomenon was observed at this point: The rate of change of the Hall
plate voltage appeared to be time-dependent, as shown in Fig. 10 for external
fields of 1.05, 1.25, and 1.5 T, which would indicate that a small fraction of
the external field penetrated. The effect was very small: At 1.5 T, the max-
imum field recorded in the tube was 3.72 mT.

Beam studies with the shielding tube have provided us with some other re-
sults. The position and appearance of the beam spot were monitored at regular
intervals by Polaroid photographs, a typical one of which is shown in Fig. 11 in
which the appearance of the beam spot can be compared in the magnet-off and the
magnet-on (1.5 T) situations. The peculiar displacement of the beam spot
be explained by the superposition of two effects: one due to the fringe field
of the magnet several meters up- and downstream of the shielding tube, the other
due to a small remanent field component resulting from penetration effects. In the

absence of the flux shield, the spot would be displaced vertically by ~ 200 mm.
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The presence of the shielding tube in a uniform magnetic field produces
some distortion of the local field which should be reflected in the field meas-~
urements. We have determined that the effect of the tube on the external mag-
netic field is a change of 0.1% in the field value as measured at the center of a
pole piece.

To date, the tube and cryostat have been thermally cycled between room
temperature and 4.2° K some sixteen times, including three physics runs, av-
eraging twelve days each, spaced by inactive periods of some six weeks during
which the system was warmed to ambient temperature, with no detectable deg-
radation in performance. During the last run, the tube was maintained cold
and superconducting for about fourteen days. On several occasions, malfunc-
tion of the magnet and its associated power supply system produced rapid varia-
tions in the magnetic field, resulting in penetration of a major fraction of the
field into the tube. Each time this happened the tube was warmed up above the
transition temperature in the presence of the magnetic field to minimize the ef-
fect of the magnetic stresses and the external field then reduced to zero. Upon
cooldown and re —establishment of the operating conditions, it was found that the
shielding properties of the tube remained unchanged and unaffected by the field

penetration.
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