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A conceptual design for an iron-less cos0@
SSC magnet cryostat has identified several areas for
experimental study. Included are bowing of thermal
radiation shields due to cooldown and warmup; thermal
performance of the suspension systems; cryostat
thermal perfcrmance; structural responses to
decentering forces between the <colil and the steel
vacuum vessel; and response of thermal shields to
forces due to quench induced eddy currents. Studies
were carried out with 6m long thermal bowing and

QHQDPVWCJ on

magnetic effects models, a suspension heat leak
measurement dewar and a 12m long thermal model. The
models incorporate important features of the
conceptual cryostat design. The details of the test

arrangements, proceduress and results are presented.
Introduction
Superconducting Super

activity, Fermilab
iron-less cos@

As a part of the
Collider (SSC) Reference Design!
developed a design for an
superconducting magnet system.?

The SSC is a 20 TeV on 20 TeV proton-proton
collider having two adjacent 32 km diameter
accelerator rings in a common tunnel. The rings are
comprised of superconducting dipole, guadrupole and
correction magnets.

The magnet system incorporates magnetically
and cryogenically decoupled rings. The dipole magnets
provide a 5T dipole field over a 5cm diameter, 12m
long aperture. The magnet employs a Tevatron?® style
collared coil with warm iron at a large radius.

435 was

A conceptual cryostat design
developed that allowed proper magnetic function,
provided a low heat load to the refrigeration system,
and was highly reliable at low cost. The cryostat
section includes all required cryogenic lines and thus
eliminates the need for external transfer lires. The
lack of cold iron allows operational flexibility of
the magnet system.

The design effort icentified certain areas
suitable for evaluation by experimental means. The
results of the studies are, in general, applicable to
other S8C cryostat designs. The significant elements
of the experimental program are preasented.

Ihermal Bowing

The magnet cold mass and thermal radiation
shields will be subjected to temperature gradients
across their sections during the rapid cooldown and
Wwarmup cycles as required by the magnet system
cperaticnal specifications. Such gradients result in
bowing along the length of the magnet. The nature and
magnitude of the bowing must be thoroughly understood
for proper component desizn.

A program to study thermal bowing was
developed and carried out. The objectives of the
program were as follow:

Verification of the dynamic behavior of a thermal
shield during cooldown as predicted by a finite
element model
¥Operated by Universities Research Association, Inc.
uncer contract with the U, S, Department of Energy

Development of a test facility for follow-cn
bowing and support response measurements

The cryostat's 10K thermal radiation shield
was selected for study. The thermal and structural
response of the shield, when subjected to an initial
100K temperature differential across the section, were
modeled and predicted by finite element methods.

A test facility was developed tc measure the
thermal and structural response of the shield. The
full size section, 6m long aluminum shield was
instrumented for displacement and temperature
measurement. Cooling was by means of a liquid
nitrogen header on one side of the shield. The test
was performed in air without a surrounding vacuum

vessel, The test arrangement is shown in Figure 1.
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Figure 1

The displacement vs. time results are shown
in Figure 2. Good agreement was achieved between the
predicted and measured deflections. A =2.5cm maximum
deflection was measured at the free end; i.e., z = 6m,
of the shield with the measured AT across the shield
being 120K.
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Suspension Thermal Performance

The SSC refrigeration requirements are very
stringent and result in low heat leak budgets. The
heat leak contribution of the suspension system 1s

significant and must be understood for <cryostat
design. Of particular importance is the ability to
regularly achieve design performance levels.

A program to measure the heat leak of

suspension systems was developed and carried out. The
objectives of the program were as follow:

Develop a facility for the testing of cryostat
component's; i.e., supports, insulation, valves,
ete.

. Measure the heat leak of cryostat components
Evaluate the effectiveness of thermal intercepts,
connections, etc.

Critical to the measurement program 1is a
liquid helium research dewar having a functionally
adaptable test end that permits the evaluation of a

wide variety of support geometries and sizes. The
dewar provides for support member connections to the
I.5% end, to an intermediate temperature (10-40K) heat
intercept, to an 80K heat intercept and to the 300K
end. The dewar with a support member installed is
shown in Figure 3.
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Measurement of a component's heat flow to
its cold end is by means of a heat meter.® The heat
meter employs a metallic reference section having a
calibrated AT across the section for heat flow as
generated by a calibration heater at the warm end of
the meter. The meter provides for accurate heat flow
measurements with short time constants. The meter has
been ecalibrated for both 1liquid helium and liquid
nitrogen cold end temperatures with heat flows of 0-1
watt. Backup heat flow measurement is by conventional
boil off methods.

A post type support menber having
construction details similar to those that could be
applied to magnet suspensions was selected for
evaluation. The post was designed to be compatible

with the structural needs of the thermal and magnetic
effects models. The post consisted of a single
section FRP tube having shrink fit connections at the
4.5 and 300X ends and at the intermediate temperature
and 80K heat intercepts. The post was instrumented to
provide for temperature measurement at critical points
along its length.
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The heat leak and temperature distributicn
results are shown in Figure U4. The measured and
predicted temperature profiles and heat leak to the
cold end were in good agreement. The measured heat
leak of 25mW to U4.5K demonstrates that small heat

leaks to UB.5K can be achieved with conventicnal
materials and methods.
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The thermal coupling as afforded by the
shrink fit connections between the FRP tube and the
metallic intercepts is very good as evidenced by the
close correlation of the measured temperatures of the
intercept and tube section above the intercept.

The facility will be used to evaluate other
support members and is readily convertible for the
measurement of the performance of multilayver
insulation (MLI) systems.

Cryostat Thermal Performance

The transition from a crycstat design to
actual construction involves many details that have a
significant effect on the thermal performance of the

cryostat. Included are support fabrication and
installation, heat intercept connections, MLT
installation, vacuum pumpout, etc. The importance of

understanding such details is amplified by the SSC
requirements for a mass producible, low heat leak, low
cost cryostat.

A program to design and construct a long
dipole magnet type cryostat and to measure its thermal
characteristies was developed and carried out. The
objectives of the program were as follow:

. Construct a 12m long cryostat

. Understand cryostat fabrication tolerances
For a cryostat assembly; measure heat leaks to
4.5, 10 and 80K

. Provide a test facility for follow-cn heat leak
measurements
Convertibility to an MTF compatible cryostat for
magnetic testing of 12m coils

measurement model was
designed and constructed. The center section of the
model has a cold mass, aluminum 10K and 80K thermal
shields and is contained in a vacuum vessel. The
support members are the same as those evaluated by the
suspension thermal performance measurements. The MLI
consists of prefabricated blankets consistinrg of
aluminized polyester film with fiberglass mat spacers.

A 12m long thermal
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Zleven layers of MLI are appiied to the 10K surface
and forty-four layers of MLI are applied to the 80K
surface. The ends of the model are reservoirs that
store the cryogens and provide the piping and
inssrumentation connections required for the thermal
measurements. The model is shown in Figure 5.
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The heat leak measurements were made in an
open cycle; i.e., no flow through the cold mass, mode.
The heat leak to Y.5K was determined by both measuring
the ligquid helium boiloff and measuring the
temperature rate of rise of an aluminum thermal mass
located within the cold mass shell. The rate of rise
measurement was made with the 10K and 80K shields at
temperature and after the helium had evaporated and
the cold mass volume had been evacuated. The heat
leak to 10K was determined by measuring the flow and
temperature rise of the 10K shield gas stream. The
heat leak to 80K was determined by measuring the
Ziquid nitrogen boiloff. The 80K heat leak of the end
vessels, which was measured previously, was subtracted
to yield the net 80K heat leak to the center section.

Prior to the final assembly of the model,
the end vessels were connected together in a closely
coupled manner. The background heat gains of 22.0W to
80K and 450mW to 4.5K were determined by boiloff
methods for thnis configuration.

The preliminary results of the thermal
perfcormance measurements are as given by Table 1.

PRELIMINARY THERMAL PERFORMANCE RESULTS

TABLE
HEAT GAIN ANALYTICAL PREDICTION MEASURED MEASUREMENT
VALUE METHCD
80K . End vessels 22.0W Boiloff
{measured)
Thermal radiation 8.3
(calculated)
Support conduction 21.2
(calculated)
S1.5W 55.5W
10K . Thermal radiation 0.74W Cas stream
{calculated) temperature rise
Support cerduction 1.5u4%W
(calculated)
2.28w 2.28W
45K End vessels 450mk Boiloff
(measured)
Thermal radiation 2mw
(calculated)
Support conduction 125mW
(caleulated) .
577Tmw  1060mW
Cold mass
temperature
5TTmW  TBDmW rate of rise

The measured steady state heat gain to the
80K shield was within 10% of the predicted value.
This is reasonable agreement for this type of device.
The steady state period was seven days.

The measured steady state heat gain to the
10K shield showed excellent agreement; i.e., to within
=1% with the predicted value. The steady state period
was two days. The heat gain toc the 10K shield was
also measured with the shield temperatures higher than
10K. Data at 15 and 28K show the anticipated
reduction in heat leak tc the shield.

The accurate measurement of the nheat gain to
the UY4.5K 1liquid helium volume for such a large model
is difficult. A very small heat gain for the center

section of the model; i.e., =127 mW, was predicted.
This level can be easily dwarfed by the measured =500
mW measurement background system. Two independent
methods were employed to determine the heat gain to
4.5K. The helium boiloff method measured the overall
boiloff the entire helium system; 1i.e., the center
section, the end vessels, and connections. The
preliminary results showed fair agreement between the

measured (1060 mW) and predicted (577mW) steady state
total heat gains. The steady state period was twelve
heours. Further analysis will include corrections for
shield operating temperatures, measured support heat
gains and end effects. The rate of rise method
measured the temperature rate of rise of the simulated
coil; 1i.e., an aluminum plug, and the stainless steel
cold mass containment vessel after the 1liquid helium
was evapcrated from the cold mass volume and the
yolume was evacuated with the 10K shield maintained at
constant temperature. This method eliminates the
measurement background contribution. The data is
currently being analyzed.

The insulating vacuum during the measurement
period was = 1 x i0-% Torr.

Follow on measurements will iInclude the

effect of insulating vacuum on the performance of the
MLI system between 300 and 80K.

The cryostat design identified several
magnetic effects that result from the interaction of
the magnet coil and cryostat components. Due to the

and the requirements of low cost

it was apparent the magnet coil
would not be perfectly centered in the steel vacuum
vessel that contains the fringe fields. The response
of the suspension system and the deflection of the
coil assembly due to the off-center forces needs to be
understood. The relatively high conductivity aluminum
thermal radiation shields will be affected by eddy
current induced forces due to the quenching of the
coil assembly. An understanding of deflections and
corresponding stresses in the shields is important for
proper design.

long magnet length
and mass production,

A program to design and construct and
evaluate a magnetic effects model cryostat was
developed and carried out. The objectives of the

program were as follow:

Construct an S3C style magnet
Study fabrication techniques for coil and cryostat
. Understand cryostat component tolerances
Measure mechanical and thermal response during
cooldown
. Measure coil deflections due to off-center forces
Measure eddy current induced motions during
quench
. Map fringe fields



A 6m long magnetic effects model Was
designed and constructed. The length corresponded to
the lcngest qpllared coil assembly that could be built
with existing Tevatron dipole magnet tooling. The
coil-zryostat relation was configured to approximate
the response of a 12m long magnet having an anchor at
mid span. An optical target system located in the
magnet bore allowed fcr monitcring of the coil
position btefore and after cooldown and operation.
Electromechanical displacement sensors were -employed
to precvicde measurement of the motions of the coil
assembly and the 10K shield during cooldown,
off-center anc quenching operations. The anchor
suppcrt post was equipped with thermal sensors to
monitor cooldown and performance of the post. All
alzctrical instrumentation was monitcred, recorded and
processed by an online data acquisition system. The
model is as shown in Figure €,
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The initial phase of the magnetic effects
measurements has been completed and data analysis is
in progress.

The model was gradually cocled down to
state operating condition by means of a closed
refrigeration system. The cold mass
suspension system accomodated the cooldown associated
motions. The cold mass axis moved to the on-axis
location during the cooldown.

steady
cycle helium

After cooldown, the magnet coil assembly was
energized to a final steady current of 5300A. The
position of the cold mass vrelative to the vacuum
vessel was monitored with LVDT displacement sensors.
The motion of the coil axis vs., coll current was also

measured optically by means of a target system
installed 1in the magnet cold bore. The optical
measurements agreed with LVDT measurements to within

C.1mm. The observed displacements due to the
decentering forces between the c¢oil and the vacuum
vessel were less than Tmm. The support reactions were

small; i.e., =3300 N, as determined from the
previously established force vs. displacement
calibrations for the individual support posts. The
displacement measurements and the support member

calibraticns indicate that the zero current offset of
the coil and vacuum vessel axes was =3 mm, which Is
typical «of the design requirement for magnet assembly
using industrial methods.

At a variety of coil currents, the current
was extracted with external resistance and
quench=-induced resistance resulting in several
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different current extraction time constants. The
motions of the coil assembly and 10K shield and the
temperature of the 10K shield were measured. The 10K
shield underwent transient deflection and heating due
to the eddy current effects. The eddy current forces
caused displacement of the shield axis and distortion
from the circular cross-section,. The temperature
increase measured at a location £7° from the vertical
axis was from 8.5 to 39.3K for 53224 quench.
Subsequent analysis 1is planned to determine the
magnitude of the eddy currents. Predictions of eddy
current induced phenomena are complicated by the
complexity of the cross-section, with several current
carrying components; with the model employed and the
relative unavailability of material thermal data. The
test demonstrated that shield deformation and thus
stress can be maintained in the elastic region in a
properly designed system.

The next test phase will involve operation
with an additional 3 mm horizontal offset of the coil
and vacuum vessel axes which corresponds to extreme
case production errors.
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