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CRYOGENIC INSTRUMENTATION OF AN SSC MAGNET TEST STAND
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ABSTRACT

This paper describes the system used to acquire cryogenic data for the testing of SSC
magnets at the Fermilab Magnet Test Facility. An array of pressure transducers, resistance
thermometers, vapor preasure thermometers, and signal conditioning circuits are used. Read-
ings with time resolution sppropriate for quench recording are obtained with a waveform
digitiser and steady-state measurements are obtained with higher accuracy using a digital
voltmeter. The waveform digitizer is clocked at a 400 Hs sampling rate and these readings
are stored in local ring buffers. The system is modular and can be expanded to add more
chbannels. The software for the acquisition, control, Jogging, and display of cryogenic data con-
sist of two programs which run as separate tasks. These programs (as well as a third program
‘which acquires quench and magnetic data) communicate and pass data using shared global
resources. The acquired data are available for analysis via a nationwide DECnet® network.

INTRODUCTION

"Fermilab is collaborating with Brookhaven National Laboratory, Lawrence Berkeley Labo-
ratory, and the SSC Central Design Group on developing, building, and testing superconduct-
ing magnets''? for the proposed Superconducting Supercollider (SSC)®. Quench and magnetic
field tests®® on these magnets are performed by the Fermilab Magnet Test Facility. Temper-
ature and pressure measurements are necessary to characterize the thermodynamic state of
the helium coolant. The temperature of the magnet coil must be known to an accuracy better
than 50 mK to understand both the quench performance and the magnetic field quality data.
Temperatures and pressures are measured dynamically during quenches to locate the quench
origin longitudinally and to understand stresses on the magnet and cryostat.

Figure 1 shows a flow schematic of the test stand and the locations of the sensing devices.
Liquid helium enters the supply end box (feed can) in the ‘Liquid Supply’ line, where some
of the flow is diverted to cool the power Jeads. The inlet temperature is then measured by
a carbop resistor before the fluid enters a subcooler. The liquid level in this subcooler is
measured both by a differential pressure gauge® and by a superconducting wire probe®. The
temperature of the subcooled liquid is measured with a helium vapor pressure thermometer?
(VPT) and its pressure is measured by a warm pressure transducer’ whose tap is after the
subcooler. In both magnet interconnect regions, where the transition is made between the
and boxes and the magnet, there are a germanium/, & carbon glase?, and a platinum® resistor
for measuring the temperature, and a cold pressure transducer’. At the return end the
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belium is directed back to the supply end box through the ‘Liguid Return’ line of the magnet
cryostat. It then enters the supply end box where its temperature is measured by a VPT,
the pressure is measured by a warm pressure transducer, and the mass flow is measured
by a venturi tube. The venturi tube was installed at this point due to space requirements
inside the feed can. Some of the returning liquid is used to maintain the liquid level in
the subcooler. The remaining helium passes through a Joule-Thomson valve and enters the
_magnet’s ‘Gas Return’ line. Pressure is measured at this point by an inexpensive piezo-
resistive bending beam pressure transducer’ and the temperature is measured by a carbon
resistort. The fluid then passes through the magnet and is again turned around to pass
through the magnet’s ‘20 K Shield’ before returning to the refrigerator. In this mode of
cooling, this shield actually operates at about 4.5 K. The instrumentation in the feed can
for the ‘20 K Shield’ is the same as that used for the ‘Gas Return’ line. Instrumentation for
the ‘80 K Shield’, which is cooled by liquid nitrogen, consists of platinum resistors at either
end, as well as & pressure gauge at the feed end and a flowmeter at the return end, where the
nitrogen is warmed up by a heat exchanger and exhausted.

SENSING DEVICES

Pressure measurements were obtained using several different types of pressure transducers.
In the locations where high accuracy was required, bonded strain gauge® transducers were
used. Cold pressure transducers of the sputtered strain gauge' type were instalied inside the
magnet interconnect region to obtain readings with high time resolution. Although these
transducers bave a large sero shift between 4 and 300 K, their sensitivity is unchanged. They
have an excellent time response because they are located directly in the Suid, with no inter-
vening tubing. Delays introduced by the tubing connecting the warm pressure transducers
measure about 30 ms at the feed end and 15 ms at the return end of the magnet. Using
the cold pressure transducers, the leading edge of pressure pulses caused by quenching can
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Fig. 1. Simplified flow schematic showing locations of instrumentation.
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be obeerved with resolution of about 2 ms, corresponding to a resolution of 0.3 m in the
longitudinal origin of the quench. The signais from the pressure transducers are amplified at
the test stand before being cabled into the control room.

Maas flow of helium through the magnet is measured with a venturi tube and differential
pressure transducer’ combination. Turbine flowmeters were ruled out due to planned quench
testing of the magnets. Fast pressure rises, such as those expected when the magnet quenches
would destroy these devices. '

Several different types of resistance thermometers were used for various reasons having to
do with range, accuracy, repeatability, and time response. These thermometers, as well as
their ranges and reasons for usage are shown in Teble 1. In the locations where high accuracy
is required, & germanium resistor and a carbon glass resistor are paired. There are two reasons
for this: the first reason is redundancy; the other bas to do with the accuracy and the effects
of magnetic fields on these devices. An attempt is made to combine the best features of
these thermometers and to compensate for their weaknesses. The germanium resistors are
exceptional in their sensitivity, repeatablity, and time response, but are susceptible to the
effects of magnetic fields. The magnitude of this effect is orientation-dependent. While a
prototype of the system was being tested, it was possible to see a thermal oscillation with
a frequency of 20 Hz with a peak-peak amplitude corresponding to 1 mK (excitation was
10 microamperes). The frequency of this oscillation was made to change by altering the
cryogenic configuration of the test stand in which this thermometer was installed. The carbon
glass thermometer has good accuracy (approximately as accurate as a silicon diode at 4.2 K)
and is not very susceptible to magnetic fields. The carbon glass thermometer can be cross-
calibrated against the germanium thermometer in the absence of magnetic fields. Then the
carbon glass thermometer can be used as the primary thermometer when there are magnetic
fields present.

Some of the resistance thermometers were initially calibrated at the factory from which
they were purchased. All of them were mounted, packaged, and calibrated®’* at the Fermilab
Magnet Development Facility. After about a year of service (and five thermal cycles}, some
germanium and carbon glass thermometers were recalibrated. The new calibration was found
to agree with the original calibrations (including independent factory calibration) to within §
mK.

The resistance thermometers are excited by a DC constant-current source. Depending on
the type of thermometer used, the excitation current is 25, 6, or 1.5 microamperes. The
current for all thermometers on a single current source runs in series through a resistor at

Table 1. Characteristics of Resistance Thermometers

Thermometer | Range Reasons for uee Disadvantages
(kelving)
Germanium | 1-80 Excellent stability - repeatability is Influenced by
+0.5 mK when thermally shocked magnetic fields
between 205 K and 4.2 K Small range

Excellent time response

Carbon glass | 2- 200 | Good stability - repeatability is
47.5 mK when thermally shocked
between 205 K and 4.2 K

High sensitivity below 10 K

Good immunity to magnetic fields

Carbon 2-200 | Low cost B Unstable with

thermal cycling

Platinnm 25 - 800 { Used to monitor cooldown and warmup
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room temperature (designated R;) and then through the thermometers. The resistor at room
temperature, R;, has voltage taps on it. By knowing the value of R; and the voltage drop
acroes it, the current through any thermometer in the chain is known. Four leads (made of
twisted pairs of manganin wire) from each thermometer are brought outside the cryostat and
the connections to complete the current chain are made externally. This allows thermometers
to be bypassed in the event that there is a short circuit or they become open-circuited. It also
aliows the electronics:to be modular. Provisions for changing the direction of the current to
measure the offsets due to thermal EMFs and contact potentials is provided by a mechanical
relay. This relay can be controlled either locally by a switch on the {ront panel, or remotely
by applying a TTL level signal to s jack on the front panel. To minimize noise pickup, The
voltage drops across these thermometers are first amplified locally (see Fig. 2) at the test
stand before being cabled into the control room (where they are measured by the readout
equipment). These amplifiers have a low impedance single-ended output and the readout
devu:es have hxgh unpedance differential inputs.

While the accuracy of the resistance thermometry measuremente has not been studied in
detail, it is believed that the dominant source of uncertainty comes from the stability of the
amplifiers. These problems can be minimized by rebuilding with higher grade components.
An error in the gair of 1%, due to thermal or temporal drifts over the approximately 1 month
testing time of each magnet, corresponds to an error of about 20 mK for the germanium and
carbon-glass thermometers. The internal consistency of the measurements suggest that this
is a reasonable estimate of the accuracy. Uncertainties from ot.her sources, in particular the
calibration, are considerably smaller than this.

Helium vapor pressure thermometers (VPTs) are used in two locations to check the cal-
ibrations of some of the resistance thermometers. The geometry of the VPTs are dictated
by the absolute accuracy required and the warm volume of the system {tubing and pressure
transducers). Because the absolute accuracy of strain gauge pressure transducers is specified
(¥ peroenuge of the full scale range, it is desirable to keep this range as small as possible.
Since the maximum pressure for belium vapor in equilibrium with liquid is about 227 kPa,
the volumes of the system were chosen such that the charging (warm) pressure of the system
is slightly higher than this. A large cold volume was used for two reasons - to yield a large
dynamic range, and so that errors introduced by uncertainty in the warm volumes would be
as small as possible. The volume of the bulb is 0.003 L, while the volume of the cold internal
tubing is 0.009 L. The warm volume, consisting of tubing and cavities within pressure gauges
and transducers is 0.871 L, including a 0.906 L ballast volume. The final charging pressure is
265 kPa. The calculated time constant is about 0.17 seconds and the operating range (corre-
sponding to the bulb being 10% ful) to 90% full) is from 2.2 K to 5.1 K. The primary error in
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Fig. 2. Implementation of resistance thermometers.
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reading the VPTs comes from the accuracy in the pressure transducers™ used to read them
and their associated electronics (0.05% of Fuli Scale Output). Using a pressure transducer
with a range of B0 psia (340 kPa), the accuracy obtained is better than 2 mK.

Tablée 2 summarises the accuracy of the measurements.

READOUT DEVICES

The required measurements fall into two categories - those which must be done very fast
(where absolute accuracy is not important}, and those which must be done with high accuracy
(where speed is not required). Since no readout device has the capability of high accuracy
and great speed, it was decided to use two readout devices. The fast readings are taken with
a multichannel waveform digitizer™ with 12-bit resolution (10-bit accuracy). The memory
in these modules is implemented as sets of ring buffers for each channel. As the waveform
digitizer is clocked, a pointer to the next memory location is incremented. When the pointer
reaches the end of the ring buffer, it is reset to point to the beginning. This cycle is repeated
continuously until a ‘stop trigger’ is generated when a quench is detected. The waveform
digitizer is configured (by a combination of jumpers and software) such that it take a certain
number of post-trigger samples when the stop trigger is received. By judiciously choosing the
number of post-trigger samples, a number of pre-trigger samples can be saved as well.

A digital voltmeter® (DVM) is used for the high accuracy readings. Since most DVMs have
at most two inputs, it is impractical to use several of these when there are large numbers of
devices to read. Therefore, the signals are multiplexed through a scanner®. The scanner uses
mechanical relays for switching so as not to degrade or corrupt the signal, and sequentially
switches the signal to the DVM.

Table 2. Accuracy of Measurements.

[ Location | Measurement '1 Device Type Accuracy® J
Power leads Temperature | Carbon resistor S0 mK T
Magnet flow | Flow Venturi / strain gauge unknown
Liquid supply | Pressure Bonded strain gauge 0.375 pei (2.6 kPa)
Liquid supply | Pressure Sputtered strain gauge 0.625 pei (4.3 kPa)
Liquid supply | Temperature | Germanium resistor 20 mK
Liquid supply | Temperature | Carbon glass resistor 20 mK
Liquid supply | Temperature | Carbon resistor 50 mK
Liquid supply | Temperature | VPT / bonded strain gauge 2 mK
Liquid return | Pressure Bonded strain gauge 0.375 pei (2.6 kPa)
Liquid return | Pressure Sputtered strain gauge 0.625 psi (4.3 kPa)
Liquid return | Temperature | Germanium resistor 20 mK
Liquid return | Temperature | Carbon glass resistor 20 mK
Liquid return | Temperature | Carbon resistor 50 mK
Liquid return -_'f‘empeuture VPT / bonded strain gauge 2mK
Gas return Pressure Piezo-resistive on bending beam | 0.25 pai (1.7 kPa)
Gas return Temperature | Carbon resistor 50 mK
20K shield Pressure Piezo-resistive on bending beam | 0.25 psi (1.7 kPa)
20 K shield Temperature | Carbon resistor 50 mK
80 K shield | Pressure Pieso-resistive on bending beam | 0.25 psi (1.7 kPa)
80 K shield | Temperature | Carbon resistor 50 mK

®Accuracy auoted for thermometers are mecified at 4.2 K.
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The base of the readout systemn consists of 8 CAMAC? crate connected to a VAX! com-
puter through & CAMAC interface’. Botb the DVM and the scanner are controlied by the
computer through a GPIBI%1} interface which resides in the CAMAC crate. Figure 8 shows
» composite of the test stand instrumentation and the associated readout squipment.

OPERATOR INTERFACE

Measurements of pressure and flow are provided to the cryogenic systems operator in two
different ways. First there is a gauge panel on the test stand with various pressure gauges and
flowmeters which can be read visually. Temperatures at two locations can also be read visually
using pressure gauges on the VPTs. All instrumented readings can be obtained from a second
source. A cryogenic data acquisition program functions as a data server. It receives data
requests from a separate data logging program which is controlled by timers implemented in
software. There are separate timers for each of three data logging functions: Jogging data to a
computer file, logging data to a printer, and updating a data display on a computer terminal.
This display functions as the operator’s primary interface for high accuracy data. When a
timer times out, it specifies the appropriate data request by setting bits in a common (global)
event flag cluster. It then notifies the cryogenic data acquisition program that it wants data
by writing a message to & shared ‘mailbox’. The requested data is then acquired and then
stored in shared global memory. Completion of the transaction is signalled by a ‘Data Ready’
event fiag. Finally, the date logging program collects the data from the shared global memory
and performs the appropriate logging function. Cryogenic data for the program which does
the quench and magnetic measurements is obtained the same way.

DATA SHARING

Since the SSC project is a collaboration between Fermilab, Brookhaven National Labora-
tory, Lawrence Berkeley Laboratory, and the SSC Central Design Group, it is useful to have
the data acquired during measurements available on-line to all parties involved. This is easily
accomplished with a nationwide network of VAX computers which use DECnet software for
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Fig. 3. Composite of test stand instrumentation.



transparent file transfers. Data are initially stored on the VAX at the Fermilab Magnet Test
Facility. From there, files can be copied to any computer on the network for special studies
and analysis, and are instantly available as the measurements proceed.
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