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1.0 INTRODUCTION
The string consistsof two halfcells with arecoolerspool pieceSPR in the middle. Eachhalf

cell consistsof five full-length 50-mmaperturedipolesandone full-length quadrupole.The string
configuration is: DCA313, DCA314, DCA3I5, DCA323. DCA322. QCC4O6, SPR, DCA3I6,
DCA319, DCA32O, DCA2IO, DCA212, and QCC4O5. The feed spooi and end spool are at the
endsof the string.

Figure 1 shows the arrangementof sensors used in the Accelerator Systems String
TestASSD thermalmeasurements.At the leadendof eachmagnet’scold massis acarbonglass
thermometerwith an accuracyof about 3 mK. The manufacturerof these sensors,Lake Shore
Cryotronics,guaranteesan accuracyof 5 mK, but thesesensorswere calibratedsimultaneously
resulting in the greateraccuracy.However,accuracychangeswith time becominglessreliableas
the number of cooldown/warmupcycles increases.Vapor pressurethermometersVPT were
installed in domesof the feed can and end can. The 20-K cooling line containsgermanium
resistancethermometerswith an accuracyof 15 mK at the inlet and outlet of each magnet.
Platinumresistancethermometerswith an accuracyof 0.5 K are locatedon the 80-K shield cooling
line. Resistiveheatersare installedin the cold massandin the 20-K circuits of eachdipole sothat
a known amount of heat may be introducedinto the dipole as part of a heat leak measuring
technique.Warmpressuretransducersareplacedin eachof the cryogenicpipesat thefeedandend
spools to determinethe inlet andoutlet conditionsof the cryogenicflows. The single phaseflow
rate is measuredwith an in-line Venturi meter.The 20-K and80-K shield flows aremeasuredwith
room-temperaturegasmeterswith an accuracyof about0.5% accordingto the manufacturer,
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A few sensors did not work properly during heat leak measurements-thecarbon glass
resistorsin the cold massof dipoles313, 323, 316, 212, andboth quadrupoles;and the 20-K line
germaniumresistorsin the returnendof dipole 314 andin the lead endsof dipoles315 and323.

Sensorsat the leadendsof dipoles313 and316 the first dipolesof eachhalf cell performed
satisfactorilybut due to significant effect from the feed can andSPR they showedtemperatures
higher than at other dipoles. The explanationmay be that the helium was not mixed enough
causingthe sensorsto showhigher temperaturesthanthe averageof the stream.Moreover, at the
leadendof D3 16 four sensorswere installedthat werepreviouslycalibratedsimultaneously.Each
showeda temperaturehigher than shown by sensorsin the next two dipoles,anddifferent from

AmericanMeter.
*8O 1< shield

2O K shield
Liquid He tubes

HSPRF D1A D2A 03A
OCA3IS DCASI4 OCASIS

Q1A SPR D1B D2B DaB 046 D58 016 HSPRE
0CA210 00*212OcC4osA

Notes
Odd mass: cartonglassthermometers
20 K line: germanium resistance thermometers
80K line: piatk,um resistance thermometers j

FIgure 1. Arrangement of Sensors Used In ASST Thermal Measurements.



any of the other three. In addition, helium flows from oneelementof the string to anotherthrough
two passages.Onepassagecontainsthe powerbus that limits helium flow throughit, so that flow
rates differ betweenthe two. As a result, in locations where end effects are significant the
temperatureof thesetwo flows alsodiffers. Thereis not enoughspacein the dome of the dipole for
completemixing of helium, so sensorsin this locationsdo not showthe true averagetemperature
of the flow. Besidesthat, carbonglass resistorsare too small to integratethe temperatureof flow
acrossthe cross-section,measuringinsteadthe local temperatureatapoint ratherthanan average
temperatureof the flow. It may be concluded that the sensor installation techniquemust be
designed very carefully with all possible precautionsfor obtaining conectdata in order to be
useful in so complexandexpensivetestfacilities as the ASST.

The carbonglass resistorat the leadendof DCA323 was deadandthe averageof the values
from two TVO Russiancarbonresistorsensorsinstalledon the externalsurfaceof helium tubes
within the magnet interconnectwas used for heat leak calculations.The temperaturedifference
betweeninternal andexternalsensorswas estimatedto be about40 mK.

Sensors in both quadrupoleswere installed without noting their serial numbers, and their
calibration functions were thereforeunknown. Fortunately, two more TVO sensorshad been
installed on the externalsurfaceof the helium piping betweenQCC4O6and SPR. One of them
failed during closing of the interconnectionbut the other was used successfullyfor heat leak
measurements.

The sensorat the leadendof DCA323 in the 20-K line was dead.Sensorsat the return endof
DCA314 andthe leadend of DCA315 showedtemperaturesin reverseorder,with the upstream
sensorshowinga highervaluethanthe downstreamsensoranda differenceof about40 mK. This
was attributedto acalibrationproblemandfor heat leakcalculationstheir averagevaluewasused.

To measureheat leak, the system was allowed to come to thermal equilibrium prior to
measuringthe inlet and outlet temperaturesas well as flow rates and pressuresof the helium
flowing through the cold massand20-K line. The heatleak was calculatedby the energybalance
equation:

Q = Gh2 - hi,
where: Q = heatleak;

G = the massflow rateof helium;

hi andh2 = enthalpiesof the helium atthe inlet andoutletpointsof the magnets.

For the 80-K line it was not possibleto obtain steady-stateconditionsrequiredfor heat leak
measurementsbecauseit was necessaryto refill the nitrogengas generatorapproximatelyevery
10 hours. The frequentrefilling did not leave sufficient time to achieveequilibrium in the 80-K
shield so no heatleak measurementsweremadeduringRun #3.

2.0 COLD MASS
Heatleak measurementsundera variety of conditionsyielded the following results:

Flow rate Temperature of the Avers e heat leak 1Wgis 20-K shield K g

-47 20-27 1.25
-47 28-34 1.55
-46 44-48 2.05

-23 45-49 2.22
- 18 48-52 2.47
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Details are presentedin Table 1. There were not enoughsensorsin half-cell B for reliable
measurements.Measurementsat half cell A showedessentiallythe same averageheat leak as
obtainedduring Runs 1 and 2 -1.3 W when the 20-K shield is about20K, confirming the
reliability of the data.Accuracyof measurementwas calculatedby comparingthe temperaturerise
acrossthe middle threedipoleswith the absoluteaccuracyof thetemperaturesensors-about30%.
The averageheatleak was determinedfrom the total heatleak for the middle threedipolesdivided
by 3. The heat leak averagewas used in order to reducemeasurementerror. It’s important to
realize the difficulty of measuringheat leak for only one dipole. The heatloadbudgetof 0.36 W
whenthe flow is 50 gls presupposesthe temperaturedifference lessthan 2 mK. Accuracy of the
sensorsusedwas about3-5 mK in the bestcase,someasurementof asingle dipole would not be
closer than 250% or worse. During Run 3 some measurementswere done under special
conditions requestedby the Magnet Division for purposesof verifying results reported from a
mathematicalmodel of the string: the temperatureof the 20-K shieldwas higher thanoperational
andthe flow ratewas reduced.The heatleak to the cold massundertheseconditionswas higher, as
expected.

Two heatertests were doneduring Run 3. A known amountof heatwas introducedinto the
helium andthis wascomparedto the additional heatmeasuredby the increaseof the temperature
rise acrossthe string. The additional heat was put into a third dipole, DCA315. The first test
showed the difference between thermally measuredand electrically measuredamounts of
additionalheatto be about4%, dueprimarily to instability of the flow rateand alsoto inaccuracy
of thetemperaturemeasurements.The secondtest was not completed.Therewere two heatertests
during Run#2 as well, producingdifferencesof 4% and6%.

3.0 20-K LINE

The resultsof heat leak measurementsare presentedin Table 2. The heatleaks found during
Run 3 werein the samerangeas thosefoundduring Run2, andcloseto the budget5.06W; with
theexceptionthatin eachhalf cell, the fourthdipole-DCA323andDCA2iO, specifically, showed
higher heat leaks.The reasonfor that is not clear, but some ideas will be offered in the section
about interconnectregion measurementsbelow. Unfortunately it was impossibleto checkfor
thermalshort circuits betweenthe 20-K/80-K shieldsby measurementof heatleaks to the 80-K
shield. The heatertestshowedthat the flow instability gives rise to abouta 10% accuracyin the
flow rate measurement.Thetemperatureof the 80-K shieldduringthesemeasurementswas about
82K.

The end effects are seenin this experimentwere significant as in previousruns. The same
effect was observedaroundSPR. Some descriptionsof existing end effects were presentedin
previouspublicationsandarenot repeatedhere.

Tables 3 and4 give someideaof the stabilityof conditionsduring thermalmeasurements.

4.0 THERMAL SHIELDS

An attempt to determinethe temperaturedistributionacrossthe temperatureshields andthe
effectivenessof contact betweendifferent parts of each shield interconnectand cryostatwas
madeduringRun #3. Sinceit is importantto know the temperaturedifferencebetweenthe cooling
flow and the temperatureof the shield itself, additional sensorswere installed on the 20-K and
80-K shieldsin two interconnectregionsaroundDCA323. The TVO-type carbonresistorswere
installed on the 20-K shieldsand platinum resistorswere installed on the 80-K shields.Sixteen
sensorswere installed:four on eachshield in eachlocationseeFigure2, as follows: two sensors
were installedon eachshieldvery closeto the cooling pipe, oneon the cryostatshield andone on
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the interconnectshield. Two sensorswere installed on the diametrically opposite side of each
shield, oneon the cryostatshield andoneon the interconnectshieldseeFigures3 and4.

The platinum resistorsarescrew-shapedfor easyinstallationandtheywere usedfor the 80-K
shield.A specialmethodwas developedfor installationof carbonresistorson the 20-K shield, as
follows: Since TVO sensorsare ordinary radio resistors,specialelementsare requiredto ensure
good thermalcontactbetweenthe sensorandthe shield. Therefore,small aluminumboxes1.5 x
1.5 x 1 cm wereweldedto the shieldsandthe carbonresistorswereput in specialholes in these
boxeswith thermalconductinggrease.

HTASD3OS

HTASD428

HTASD3O6
interconnect

interconnect

HTASD5O6

I1P.05835
All sensors are carbon resistors

Figure 3. 20-K Shield Temperature Sensor Location.

80 K shield
-20 K shield

Liquid He tubes
Beam tube

DIA D2A D3A D4A D5A O1A SPR
0CA313 DCAS14 DCA315 D0A323 0CA322 OCC4O6

MFASD2OI-1 MTASO3OI .NTASD4S3

NTASD4S1
.MTftSDIOI

HTAS$FO6

D1B 02B D3B D4B D5B Q1B HSPRE
DCA316 DCA3I9 DCA32O OCA21O OA2i 2 QCC4O5A

LTASD41 1
LTASD4I2

LTBSOIO4.

Figure 2. Arrangement of Thermal Shield Sensors.

TIP-05834

HTASD428

HTASD5O5

HTASD427

HTASD43O

DCA323
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NTASD5O6

Interconnect

All sensors are platinum resistors
TIPo5836

Figure 4. 80-K Shield Temperature Sensor Location.

4.1 20-K Shield
The 20-K shield in the region of DCA323 wastestedatdifferent temperatures:-25 K, -30 K,

-45 K. Dataarepresentedin Table 5.

4.1.1 InterconnectionDCA31S-DCA323
SensorHTASD428 was brokenduring installationandcould not be repaired.Other sensorsat

this location showedtemperaturesto be in expectedorder: the closerto the cooling pipe, the lower
the temperature.

The temperaturedifferencebetweenthe cooling flow andthe 20-K shield was about 1 K, a
little higher thanexpected.

The temperaturedifferenceacrossthe shieldwas about0.2-0.3K, andthe differencebetween
the magnet’sshieldandthe interconnect’sshieldshownby the uppersensorswasabout0.1 K.

It is importantto notethat the interconnect’sshieldis not fixed to the cooling pipe.

4.1.2 InterconnectionDCA323-DCA322
The temperaturedifference betweencooling flow and shield was also about 1 K. The

temperaturedifferenceacrossthe shieldwas about0.3-0.5 K atthe magnet’sshieldand0-0.1K at
the interconnect’sshield. Theóauseof this is not known,but it is unlikely thatit was dueto sensors
calibrationerror.

NTASD4B4

NTA50482

Interconnect

N2

ASD48S

0CA323

NTASD3O5
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4.2 80-K Shield
The interconnectshield is not fixed to the cooling pipe.Dataarepresentedin Table 5.

4.2.1 InterconnectionDCA3IS-DCA323
Temperaturesin both partsof the shieldmagnetandinterconnectnearestto the cooling pipe

location lower side on the schematicwereabout 8 K higherthanthe temperatureof the cooling
flow, indicating the possibility of thermal contacts with the cryostat. The upper temperature
sensorsshowedtemperaturesabout 2 K lower thanthe lower side sensors,andthat could only be
dueto thermalcontactsbetween80-K and20-K shieldssomewhereinside the cryostat.

4.2.2 InterconnectionDCA323-DCA322
The situationherewas almost the sameas for DCA3I5-DCA323 interconnection,with the

exceptionthat the temperaturedifferencebetweenthe cooling flow and the magnet’sshield near
the cooling pipe was higher than 10 K. At the sametime, the temperaturedifferencebetweenthe
cooling flow andthe interconnect’sshield was about5 K. This also mayindicatethermalcontacts
with the cryostat.

5.0 CONCLUSIONS

The measurementtechniqueusedin heat leak experimentsprovided repeatableresultsduring
all threeexperimentalrunsof the ASST. The measurementof the cold massheatleakwas the most
difficult and was the least accurate.The accuracycould be increasedby using vapor pressure
thermometersand special installationtechniquefor integrationof the flow temperature.Besides
that, replacing the SPRwith the dipole could provide the bestpossiblestring configuration for
preciseheatleak measurements.
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Table 1. Heat Leak Measurements, Cold Mass Run 3.

-4

Date

Start
Time+

Duration

flow
Rate
g/s

Dl
W

D2
W

D3
W

D4
W

D5+Q1
W

heater
W

do
heater

%
20 K in.

K
2+3+4/3

W

cell A
09-29-93 9:00+2.0 46.10 5.110 1.110 03+D4=2.44 20-24 1.19
09-30-93 2:00+8.0 47.63 4.820 1.381 D3+D4=2.524 22-27 120

10-06-93 1:30+5.5 47.37 8.906 1.800 1.611 1.137 18.710 28-33 1.52

10-07-93 0:00+7.0 47.28 8.696 2.269 H4.531 0.662 17.913 2.776 -4 29-34 1.56

10-07-93 17:00+4.0 47.22 8.829 1.794 1.794 1.133 17.422 21-27 1.57

10-09-93 17:00÷3.0 45.93 4.820 2.530 1.650 1.970 19.110 44-48 2.05

10-12-93 21:00÷1.7 17.84 12.130 1.873 "H" 6.903 1.427 2.776 48-52 2.47

10-17-93 10:00+6.0 22.94 5.740 2.680 2.570 1.420 11.900 45-49 2.22

cell B

10-06-93 1:30÷5.5 47.37 14.590 6.870 D2÷D3+D4+D5+Q=
33.54

28-33

10-07-93 0:00÷7.0 47.26 15.880 ‘H" 7.042 D2+D3÷D4-i-D5+Q=
32.1

-25 29-34

10-07-93 17:00+4.0 47.22 14.684 6.799 D2+D3÷04+D5+Q=
33.48

21-27

10-09-93 17:00+3.0 45.93 14.970 7.260 02.i-03÷04-i-D5+Q=
35.23

44-48

H" means the internal heater turned ON

10-17-93 10:00+6.0 22.94 3.190 1.310 D2÷D3+D4+D5+Q=
24.68

45-49



Table 2. Heat Leak Measurements, 20-K Shield.

Date

Start
Time+

Duration

Flow
Rate
g/s

Dl
W

D2
W

D3
W

D4
W

D5+Ol
W

heater
W

dQ
heater

% 2÷3÷4÷5/4

cell A

10-06-93 12:00÷3:00 1.75 6.36 4.62 5.25 -8.8 5.016+6.76 5.92

10-07-93 14:20÷18 1.69 8.35 4.45 4.84 ‘H" 5.021÷6.55 5.00 -4 6.19

10-08-93 9:30+3 1.69 9.86 5.87 6.11 -9.7 5.567÷6.804 6.96

cell B

10-06-93 12:00÷3:00 1.75 6.06 5.69 6.08 6.82 9.05÷13.85 7.62

10-07-93 14:20÷18 1.69 6.04 5.68 6.03 ‘I-i" 8.61÷13.41 4.99 -10 7.79

10-08-93 9:30÷3 1.69 6.47 5.95 6.22 7.10 8.97÷13.26 7.78

H" means the internal heater turned ON

I
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Table 3. Temperature Distribution Along the String During Heat Leak Measurements, Cold Mass.

‘0

date!
start

time+
duration

flow
rate
9/s

VPT FC
K

AD2O1
K

AD3O1
K

AD411
K

AD412
K

AD5O1
K

AQ1O3
K

B0201
K

0D301
K

BD4O1
K

VPT EC
K

10-06-93 Mm 43.733 4.593 4.630 4.638 4.647 4.644 4.650 4.730 4.808 4.872 4.902 4.956

1:30+5.5 Max 52.031 4.601 4.642 4.647 4.657 4.653 4.660 4.743 4.819 4.881 4.910 4.964

Mean 47.368 4.596 4.635 4.643 4.651 4.648 4.655 4.737 4.812 4.879 4.906 4.959

10-07-93 Mm 43.270 4.602 4.640 4.650 4.675 4.663 4.673 4.751 4.819 4.885 4.916 4.976

00:00+7 Max 51.749 4.606 4.645 4.655 4.681 4.670 4.679 4.759 4.826 4.895 4.927 4.982

Mean 47.263 4.604 4.643 4.653 4.678 4.667 4.676 4.755 4.822 4.892 4.923 4.979

10-07-93 Mm 43.817 4.601 4.639 4.648 4.657 4.653 4.660 4.735 4.780 4.845 4.875 4.927

17:00÷4 Max 52.565 4.604 4.643 4.651 4.660 4.657 4.664 4.742 4.785 4.849 4.878 4.931

Mean 47.515 4.602 4.641 4.649 4.658 4.655 4.662 4.739 4.782 4.847 4.877 4.930

10-09-93 Mm 42.076 4.141 4.169 4.185 4.202 4.187 4.205 4.320 4.726 4.794 4.828 4.884

17:00+3 Max 48.590 4.148 4.177 4.192 4.209 4.195 4.214 4.330 4.732 4.801 4.834 4.900

Mean 45.928 4.144 4.173 4.188 4.205 4.190 4.210 4.325 4.730 4.798 4.831 4.890

10-12-93 Mm 15.936 4.093 4.288 4.320 4.470 4.378 4.447 5.382 5.122 5.132 5.202 5.302

21:00+-2 Max 19.378 4.124 4304 4.333 4.489 4.386 4.462 5.398 5.147 5.153 5.251 5.328

Mean 17.838 4.108 4.296 4.325 4.481 4.382 4.454 5.392 5.132 5.140 5.228 5.314

10-17-93 Mm 21.485 3.895 3.982 4.019 4.070 4.030 4.067 5.197 4.849 4.879 4.891 5.059

10:00÷6 Max 24.356 3.897 3.984 4.020 4.068 5.203 4.856 4.884 4.896 5.064

Mean 22.943 3.896 3.983 4.019 4.067 5.200 4.852 4.881 4.893 5.062



Table 4. Temperature Distribution Along the String During Heat Leak Measurements, 20-K Line.

A CELL

date!
start

time+
duration

flow
rate
9/s

AD1O1
K

ADIO3
K

AD2O1
K

AD203
K

AD3OI
K

AD303
K

AD4O1
K

AD403
K

AD5O1
K

A0503
K

AQiOl
K

AQIO3
K

10-06-93 Mm 33.18 32.25 32.00 31.54 31.59 31.01 29.98 29.47 29.33 28.56

12:00÷3 Max 33.52 32.62 32.58 32.00 31.99 31.43 30.53 29.93 29.82 29.18
Mean 1.75 33.32 32.41 32.28 31.74 31.78 31.20 30.24 29.70 29.59 28.85

10-07-93 Mm 34.58 33.61 33.39 32.95 33.02 32.35 30.69 30.58 30.11 29.95 29.16

14:20+18 Max 35.24 34.33 34.35 33.63 33.67 33.10 31.47 31.34 30.80 30.68 30.05
Mean 1.69 34.90 33.95 33.78 33.26 33.30 32.73 31.03 30.98 30.41 30.30 29.56

10-08-93 Mm 34.21 33.15 32.92 32.30 32.37 31.72 30.63 30.55 29.94 29.85 29.04

9:30÷2.5 Max 34.93 33.77 33.74 32.94 32.96 32.14 31.01 30.91 30.28 30.17 29.42

Mean 1.69 34.54 33.42 33.26 32.58 32.61 31.91 30.80 30.74 30.11 30.00 29.23

B CELL

date!
start
time+

duration

flow
rate
g/s

BD1O1
K

BDIO3
K

0D201
K

BD203
K

BD3O1
K

BD303
K

8D401
K

BD403
K

BDSOI
K

BD503
K

BQ1O1
K

B0103
K

10-06-93 Mm 26.41 25.75 25.59 24.97 24.87 24.21 24.10 23.38 23.28 22.33 22.32 20.73

12:00+3 Max 26.85 26.17 26.02 25.41 25.30 24.65 24.54 23.81 23.70 22.67 22.68 21.20
Mean 1.75 26.63 25.97 25.82 25.20 25.10 24.44 24.33 23.58 23.48 22.50 22.50 20.99

10-07-93 Mm 26.90 26.19 26.03 25.35 25.24 24.51 2439 22.82 22.73 21.75 21.72 20.15
14:20+18 Max 27.59 26.91 26.77 26.14 26.02 25.36 25.26 23.81 23.70 22.70 22.73 21.28

Mean 1.69 27.24 26.56 26.41 25.77 25.66 24.98 24.87 23.40 23.30 22.33 22.32 20.81

10-08-93 Mm 26.76 26.04 25.89 25.22 25.11 24.41 24.29 23.49 23.38 22.38 22.37 20.85

9:30÷2.5 Max 26.90 26.12 25.95 25.29 25.18 24.51 24.40 23.59 23.49 22.46 22.45 21.00

Mean 1.69 26.81 26.08 25.93 25.25 25.15 24.45 24.33 23.53 23.43 22.42 22.41 20.91
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TableS. Shield Temperatures, 20-K Shield.

20-K
Shield

Date
Start

Time÷
Duration

HT4O1 HT428
.

HT306 HT427 HT305 HT403 HT430 HT506 HT429 HT505

09-30-93 2:00÷8.0 25.88 27.00 27.32 27.42 25.37 26.18 26.34 26.72 26.46

10-06-93 1:30÷5.5 31.20 32.25 32.47 32.59 30.24 31.31 31.78 31.68 31.35

10-07-93 0:00+7.0 32.19 32.44 32.70 32.82 30.51 31.37 31.46 3138 31.45

10-07-93 17:00÷4.0 32.73 33.47 33.70 33.82 31.03 31.89 32.02 32.42 32.07

10-08-93 9:30÷3.0 31.91 32.86 33.13 33.25 30.80 31.72 31.82 32.14 31.81

10-09-93 17:00÷3.0 46.05 46.81 47.05 47.13 45.46 46.10 46.04 46.23 45.70

10-17-93 10:00÷6.0 47.07 47.76 47.96 48.03 46.45 47.10 47.04 47.23 46.69

80-K
Shield

Date
Start

Time÷
Duration

NT4O1 NT482 NT306 NT481 NT305 NT403 NT484 NT506 NT483 NT505

09-30-93 2:00÷8.0 82.00 90.16 89.08 86.86 87.06 82.00 94.76 88.12 86.27 87.21

10-06-93 1:30÷5.5 81.-84. 91.34 90.31 8&09 88.29 81-84. 95.96 89.48 87.52 88.37

10-07-93 0:00+7.0 81.-84. 90.64 89.79 87.58 87.81 81-84. 95.35 88.73 86.96 87.82

10-07-93 17:00÷4.0 80.5-84. 90.63 89.85 87.65 87.87 80.5-84. 95.44 88.77 87.05 87.91

10-08-93 9:30÷3.0 80-84 90.22 89.42 87.18 87.44 80-84 94.97 88.30 86.55 87.38

10-09-93 17:00+3.0 81-84. 89.98 89.43 87.18 87.43 81-84. 94.80 88.19 86A0 87.23

10-17-93 10:00+6.0 81.5-82.5 89.96 89.19 86.94 87.17 81.5-82.5 94.71 88.09 86.23 87.08

10-08-93 9:30÷3.0 80.-84 90.22 89.42 87.18 87.44 80-84 94.97 88.30 86.55 87.38
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