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ABSTRACT remain stabile for 25 - 50 years better then 0.02-0.03 K (at 4.2
The cryogenic thermometers used in superconducting acéél- (c) have small, (< 1%) temperature measurement error in
erators must function over a temperature range of 1.5 - 300 Kagnetic field < 6 T; (d) be resistant to ionizing radiation (dose
in very harsh environments that must be endured for the life ©f1000 Mrad, temperature error readout < 1%); (e) have small
the accelerator. The authors prescribe requirements for cryol< 1%) error for pressures up to 3-5 Mpa; (f) have high sensi-
genic thermometers in accelerator installations. Thermometéivity (dR/dT) particularly in 1.5-10 K range; (g) have minimal
mounting fixtures used in the Joint Institute for Nuclear response-time (less than 1 msec. at 4.2 K); (h) be completely
Research “Nuclotron” (JINR, Dubna, Russia) and the Superinterchangeable; (i) use two wire readout; (j) be resistant to
conducting Super Collider (SSCL, Dallas, Texas, USA) are vibration, shocks; (k) have high voltage electrical insulation
described. Experimental results for long-term stability of som@&00-3000 V); (I) be small; (m) be readily available and inex-
cryogenic thermometers and basic recommendations for appkensive.
cations in large superconducting accelerator systems are givVEHE “OPTIMAL” THERMOMETER
INTRODUCTION Several options for temperature measurement over the inter-
Operating modern superconducting (SC) accelerators  val 1.5 K - 300 K using d.c., a.c., and pulse measurement tech-
requires accurate temperature measurements throughout theologies are available. Finding an “optimal” sensor is
system. This allows the possibility to (a) monitor and safely admittedly an impossible task since no known thermometer has
control cool-down and warm-up of large mass accelerator all the best characteristics. The choice of thermometer and
magnets, (b) locate high heat leaks and minimize them durimgeasurement system depends on a number of factors, includ-
adjustment of new accelerator systems, (c) carry out thermaihg the required precision, cost, speed of response, sensor size,
diagnostics of main cryogenic components during accidentsetc. Rubin and Brandt [12] described the characteristics of
etc. Several peculiarities must be recognized for correctly some thermometers that can assist in the selection process.
using cryogenic thermometers in SC accelerators. Comprehensive cryogenic thermometry reviews are given in
(1) Many commercial cryogenic thermometers carry war- [13,14]. Anderson reviewed commercial carbon resistors used
ranties for only 1 or 2 years that may not cover the harsh corai-cryogenic thermometers for over twenty years [7].
tions found in accelerators. Recalibration or verification is In superconducting accelerators cryogenic thermometers
typically recommended at frequent intervals. must be resistant to ionizing radiation. S.Scott Courts et all.
(2) Accelerators with sizes similar to the Superconductingirradiated several types thermometers at room temperature by
Super Collider (SSCL) main ring and High Energy Booster gamma source to a level of 10 kGy and neutron+gamma source

System (HEB) have SC magnet lengths of 10 km and 87 kmy a fluence of 8.6*1% n/cn? [15]. In general, diode ther-
respectively, requiring 20-50 thousand cryogenic thermome-mometers are unsuitable for use in either type of radiation
ters. Thermometers are expensive and requires techniciansenyironment. For gamma radiation carbon-glass and germa-
with highly specialized training. Reducing thermometer costgjym thermometers performed well for T < 25 K and rhodium-
is possible by developing a thermometer in-house based onjash over 1.4 K - 300 K. In neutron + gamma radiation the car-
inexpensive electronic component, and organizing verificatigfhn-glass thermometers performed best at lower temperatures
and calibration facilities as was done previously at the ISA- 3nd platinum sensors at higher temperatures.
BELLE project [1], TEVATRON at FNAL [2,3], NUCLO- Allen Bradley (AB) carbon resistors have been used world-
TRON at JINR (Dubna, Russia) [4,5] and others [6,7]. wide as cryogenic thermometers for more than thirty years

(3) Very harsh conditions exist in superconducting accelelgecause they have high sensitivity, small size, and very low
tors including (a) high magnetic field up to 6.6 T [8]; (b) highcost. Wehr et. al. irradiated several AB resistors at 4.6 K in a
radiation dosage of about 1000 Mrad for 25 years [8], (c) prgghctor up to a dose of 3*16gammas and thermal and fast
sure peak in helium flow during quench up to 2-3 MPa [9], (d). 1
heating of parts (i.e. beam tube) to temperatures of 420-450(gN=0-1 MeV) neutrons by 2.5 and 2.0 fovcnt respec-

and cooldown to 4 K and lower, (e) high voltage electrical tively [16]. A significant increase of a 110 Ohm AB resistor

insulation 500-3000 V for thermometers in magnet windings/ToM 1500 Ohm up to 3100 Ohm at 4.2 K (dT about 2.3 K) is

during quench etc. observed after irradiation. Subsequent annealing to 240 K low-

THERMOMETER REQUIREMENTS ered dT to 1.6 K. For accurate temperature measurements suffi-
Some principal requirements for cryogenic thermometers €Nt radioactivity decay time must be provided.

can be established from the requirements. Cryogenic thermomt©F the last 18 years at JINR a new type of commercial car-

eters must (a) Cover wide temperature interval 1.5 - 450 K; (B§n-ceramic resistor, TVO [4], with 1000 Ohm nominal resis-
tance was tested and is now widely used as a cryogenic
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Energy under Contract DE-AC04-94AL85000. istics than AB resistors as well as a low price. Several TVO
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reactor at room temperature up to a dose of 8%tta? gam- An improperly mounted or heat sunk thermometer will read a

mas and fluence 1.3*3®n/cn? fast (En=0.1 MeV) neutrons tempgratur_(: hcontnb(;rilort]hfrom t?e (:_Iectrlcaltlgads. ?arefudl
[5]. The observed shift in calibration was less than 1% at 4.2 Rl_arlmmg Y:'_ regard to dedatpphlca lon mus et pfhr ormel del
To confirm the JINR data a TVO sensor was included in a coz(?ry on. tIs recommended to have an accurate thermal mode

irradiation experiment conducted by LakeShore Cryotronics the sensor placement and a method for in-situ verification of

and Ohio State University [5]. The data from this experimentthe thermoTe]Eet[; A thermal m](c);jhel f{:an provtlde anecessary i
show that after gamma doses of 10 kGy at 4.2 K the shift in Zssessmen ? fe atr;}curac?/ ° d Ei empera ur;ahmeasuretmerr]] '
calibration for TVO is less than 1%. s an example of a thermal model, assume a thermometer has

LONG-TERM STABILITY a resistance of 10 kohms at 4.2 K and is mounted on a surface

AB 0.125 W, 100 ohm nominal resistors have been used 1%4.2 K. There are four #32 AWG leads (total cross section of
10 years in large cryogenic systems at JINR. The temperatufeQ51 mnf) 1 meter long going to the thermometer in a vac-
resistance (T(R)) characteristics showed significant changed!um from a 300K connector. The sensing current is 10 micro
(>2%) after 1-3 years particularly when mounted on cryogenf¥mperes. Using a numerical method of lines (NUMOL) solu-
surfaces in a vacuum. After several cooldowns to 4.2 K ovettign as discussed for power leads in [10], the dependence of the
months some AB resistors increased resistance up to 105 O@{gr on contact between the sensor and the measurement sur-
with a room temperature readout dT of 5-20 K. Periodically (@ce can be evaluated. The error due to contact for coefficients
times per year) 10 TVO are tested at JINR shows high level af 10000 W/cr/K and 100 W/cr/K based on lead cross sec-
stability with <15 mK shift at 4.2 K over 14 years[4]. tion are 0.0015 K and 0.1516 K respectively.

At the SSCL a calibration and test facility was organized  The determination of the measurement uncertainty must be
and supported the Accelerator Systems String Test (ASST).performed similar to [11] and used to guide placement and
Significant changes in AB thermometer calibration was mounting of thermometers. Results in [11] for the ASST show
observed in thermometers which were calibrated and mountttht the 4K heat leak across a single dipole magnet 15 meters
at FNAL on support-tubes of 323 dipole magnet. During prefeng, must be determined from small temperature differences
arations for ASST Run #3 the deviation from known room of 10 - 50 mK. High accuracy temperature sensors and mount-
temperature of AB readout was -15 to +67 K. Our SSCL  ing techniques are required to minimize the uncertainty in heat
research with several of 100 Ohm AB showed that after 30 leak measurements.
thermal-cycles the T(R) characteristics shift at 4.19 K is 8 - 20 In addition to temperature errors from improper mounting
mK, at 77.2 K is 0.6 - 3.2 K. Instability in AB carbon resistordechniques, sensors can drift from their initial calibration. It is
has been the subject of a number of reports since being usedifesirable to have a method of checking / verifying thermome-
cryogenic thermometry [7,17]. At the same time TVO resistater calibration as installed (in situ) for periodic evaluation of
testing showed a shift in T(R) after 30 thermal-cycles at 4.19tke sensor and the data acquisition system. Redundant ther-
of 4 - 6 mK, and at 77.2 K of 0.15 - 0.3 K. mometers are frequently applied to accomplish this. It may be

Three runs of the ASST showed some problems with cappossible to re-calibrate some sensors with the aid of thermal
suled thermometers mounted in the liquid helium stream in modeling of the system performance used with measurements
dipole magnets. During Run #1 after a quench a carbon-glag®m temporary precision instrumentation over large sections
CGR1-1000 thermometer suddenly changed calibration at 4.(6&y 10 or more superconducting magnets) of an accelerator.
KdT of 72 mK and at 77.2 K dT of 7.45 K. During later testing Cryogenic thermometer mounting may be performed by
and detailed analysis a gas leak was observed from thermommersonnel with limited experience. One remedy is to develop
ter capsule. The quench high pressure pulse of 15-20 Bar psiimple thermometer mounting fixtures. For the NUCLOTRON
ably damaged the capsuled thermometer seal. During ASSTindirect temperature measurement techniques were developed
Run#3 (17-Sept-93) the magnet string was filled with liquid to avoid installing thermometers in helium flow lines eliminat-
helium without flow at a pressure of 1.22 Bar corresponding teg many vacuum feedthroughs reducing the possibility of
a saturation temperature of 4.42K. The 16 CGR thermometdeaks. The mounting fixture for a helium tube is shown in Fig-
in the cold mass showed different temperatures: 8 thermomere 1. Twisted wires (8) from the hermetic connector at 300 K
ters differed from 4.42 K by <10 mK, and 8 others differed sink feed into the screw-thermal anchor (9) on copper plate (6),
from 0.1 - to a few K indicating possible damage. Differencewhich is soldered on He tube (7). The screw-thermometer (2)
were observed in readings of intact and damaged thermometaeasures the temperature of helium tube (7) with a 1-2% error
when self-heated by high measurement current. Also duringaver 4 - 300 K. The thermometer (3) is a TVO and bifilar wind-
second test of used capsuled thermometers after thermal ing (4) using a special technique for mounting in the screw (2)
cycling significant ac noise was observed below 8-9 K. covered by a copper cover (1). All surfaces are polished and
APPLYING CRYOGENIC THERMOMETERS nickel plated. About 700 of these are installed in the NUCLO-

Even with quality thermometry high accuracy measure- TRON on helium tubes in vacuum space and have performed
ments are difficult without experience in thermometer applicavell for over 5 years.
tion. Many laboratories around the world invest in small For the SSCL a different thermometer mounting fixture
installations to gain experience with cryogenic thermometeraising TVO sensors was designed and installed in about 25
i.e. mounting, gluing wires, shielding measurement places, eliwcations in the ASST. The fixture for a helium tube in the
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Figure 2: SSC Thermometer mounting fixture



