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Abstract 

The European Laberatory for Partiele Physics (CERN) is currently designing a 14 Te V 
proton accelerator (I.HC). Because of this high energy, powerlul bending magnets are 
needed. Superconducting matenals are used for these magnets, eperating at 1. 9 K. The 
cryostats used for these magnets have to give both decent mechanica! support and good 
thermal insulation. 
The Cryostat Thermal Model 3 (CTM3) is a full-scale model of the LHC are dipale 
cryostat. lt is used to measure the thermal performance under both nominal eperating 
conditions and off-design conditions, such as degraded sereens temperatures and 
degraded vacuum pressure. 
The measured heat leads under nominal conditions have been compared to the budgeted 
values. Almest all measured heat leads exceed the available cooling budget. The 
performance of an actively cocled radiation screen at the 5 K - 20 K level has been 
investigated, and the expected advantages of such a screen have not been observed. 
The heat flux through multilayer insulation (MLI) has been compared to measurements 
in a vertical cryostat. Horizontal application of MLI results in a higher heat flux than 
vertical, because of self-compression of the blankets. 
In parallel to the measurements, a mathematica! model was used to facilitate the 
interpretation of the measurements, and to simulate the performance of the cryostat 
under different eperating conditions. 
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1 Introduetion 

1.1 The CERN laboratory 

The European Labaratory for Partiele Physics, better knc,wn as CERN, was founded 
shortly after the Second World War. It was very common for European scientists to go 
to America for conducting their research. This led French Physicist Louis de Broglie to 
propose at the European Conference of Culture in 1949 the creation of a European 
laboratory. In 1954 the Conseil Européen pour la Recherche Nucleaire was formally 
founded. The number of memher states has since then expanded from 12 to 20. CERN 
employs over 3000 people, providing research facilities for 6500 scientist from over 80 
countries. 

The main tools in partiele physics are off course partiele accelerators. CBRN's first 
accelerator was the Synchro-Cyclotron, capable of reaching energies of 600 Me V. Since 
then more powerful accelerators have been designed, leading to the biggest one in use 
right now, the LEP, Large Electron Positron collider. The accelerator is built in a tunnel 
with a circumference of 27km, buried at approximately 1 OOm. Initially, the LEP was 
capable of accelerating electrans and positrons to energies up to 91 Ge V. After upgrades 
its maximum energy increased to 190 Ge V. lts main function was to produce and study 
the Z0 particle, the neutral carrier of the weak force. After its energy upgrade, it was used 
to produce the charged carriers of the weak force, the w+ and w- particles. 

Many of the older accelerators are still in use, as a part in the total accelerator chain. 
Figure 1.1 shows the total complex of interlinked machines. 

Figure 1.1: The interlinked accelerator complex at CERN. 

Since the mid-1980s, a new round of discussions has been taking place with the aim of 
defining various options for the post-LEP era. With an accelerator capable of reaching 
even higher energies, it will be possible to probe even deeper in the fundamentals of 
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modern high-energy physics. Therefore, in 1994 it was decided to build a new machine, 
the Large Hadron Collider. 

1.2 The Large Hadron Collider project 

1.2.1 General 

The Large HadronCollider (LHC) project was approved by the CERN Council in 
December 1994. It will provide proton-proton collisions with an energy up to 14 Te V, 7 
TeV per beam, as wellas lead-ion collisions with a totalenergyup to 1150 Te V. To 
reduce costs and environmental impact, it will he installed in the existing LEP tunnel, 
with the option of reinstalling a LEP-like electron accelerator, to provide electron-proton 
collisions in the future as well. In table 1.1 LHC's general performance parameters are 
given [1]. 

Energy /beam [feV] 7.0 
Dipale field [f] 8.36 
Coil aperture [mm] 56 
Distance between apertures [mm] 194 
Luminosity [cm-2s-1

] 1034 

Beam-beam parameter 0.0034 
Injection energy [Ge V] 450 
Circulating current/beam [A] 0.54 
Bunch spacing [ns] 25 
Particles per bunch 1011 

Stored beam energy [MJ] 334 
Normalised transverse emittance [l.tm·rad] 3.75 

r.m.s. bunch length [m] 0.075 

~-values at LP. I callision [m] 0.5 

Full crossing angle [J.lrad] 200 

Beam lifetime [h] 22 
Luminosity lifetime [h] 10 
Energy loss per turn [keV] 6.7 
Critica! photon energy [eV] 44.1 
Total radiated power per beam IkWl 3.6 

Tab Ie 1.1: UIC performance parameters 

To collide beams of equally charged particles, two separate beam channels are needed. 
LHC will use twin aperture magnets, which consist of two sets of coils and beam 
channels within the same mechanica! structure and cryostat. 
The two beam channels lie in the same plane and the beams pass from one ring into the 
other at four crossing points where the physics experiments are installed. 
To maintain an equally effective physics programme at the higher beam energy, operaring 
parameters such as number of protons in each bunch, revolution frequency and the 
betatron function ~ are chosen to enable a high enough luminosity. 
The main limit in the luminosity comes from the beam-beam effect, which tencis to 
scatter the periphery of the beam as it passes through the oncoming bunches of the 
other. 
Another limit comes from the total power delivered to the magnets by the beam through 
synchrotron radiation. This is one of main heat loads to the cryogenic system [2]. 
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The biggest difficulty in designing the LHC is the relatively small bending radius of the 
LEP tunnel. The increased energy of the accelerator with the same radius as the LEP 
requires more powerful bending magnets. The required field for the given radius is 
8.36T. To achleve these high magnetic fields, superconducting magnets have to be used. 
These magnets will operate in superfluid helium below 2K. 

In tigure 1.2 the schematic layout of LHC is given. Almast 24 km of the LHC ring will 
be filled with superconducting magnets of various types. The LHC circumference is 
composed of eight arcs 2459.16 m long, sixteen dispersion suppressor cells 17 4 m long 
and eight straight sections approximately 58 m long, available for experimental insertion 
or utilities [1]. 

Figure 1.2: A schematic k[yout of the complete IR C ring with the two beam channels and the points for experimental 
insertions and utilities. The two beams pass from one ring in the other at the Jour experimental points. 

Two high-luminosity proton-proton experiments are located at opposite straight 
sections, point 1 (ATLAS) and point 5 (CMS). Two other experiments are located in 
point 2 (ALICE) and point 8 (B-physics), which also contains the injection systems. 
Other points are used for beam cleaning to allow focussing and collimation of the beam, 
and the beam dump to safely discard of the beam at the end of physics runs and to 
proteet the system in case of hardware failure. 
Each of the eight arcs contains 23 regular lattice periods. Each lattice period, 106.9 min 
length, contains six 14.2 m twin aperture dipales and two 3.1 m twin aperture 
quadrupales (figure 1.3). Spacing between dipales is 1.46m, including 0.5 meter for 
magnet connections. The quadrupales are integrated in Short Straight sections, which 
also contain a beam position monitor and beam correctors [1]. 
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Figure 1.3: Lqyout of a LHC ha!fce/1, consisting of three are dipoles, and one short straight section with cornetion magnets 
and beam position monitors. 

1.2.2 Cryogenics 

S uperfluid Helium 

As already mentioned, the superconducting magnets operateat a temperature of 1.9 K. 
This is clone by cooling the magnets in a static bath of pressurised superfluid helium 
(Heli). This was clone for several reasons. 
Given the scale of the LHC and the total number of superconducting magnets, only 
commercially available superconducting materials (Nb-Ti based) can be used. The 
superconducting state exists only when materials are used below their critica! current 
density, critical field and critical temperature, yielding its so-called critica! surface. 
Operaring at LHC conditions (8.361), an operaring temperature below 2K is necessary. 
Another reason, also yielded by the size of LHC, is the transport of the extracted heat 
from the magnets. One of the advantages of Heli is its excellent heat transfer properties. 
U sing superfluid helium, heat can be transferred over large di stances with small 
temperature gradients. 

In tigure 1.4 the phase-diagram of helium is given. Superfluid helium can be obtained in 
two ways, either by gradually lowering the pressure down to below 5 kPa along the 
saturation line (saturated Heli) or by subcooling liquid at any pressure above saturation 
(pressurised Heli). 
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PHASE DIAGRAM OF HELIUM 
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Figure 1.4: Phase diagram ofHelium4 

The use of pressurised Heli over saturated Heli has several advantages. Avoicling low
pressure operation reduces the risk of air inleaks and contaminating the process helium. 
Furthermore, pressurised Heli has better dielectric properties yielding less risk in the use 
of dectrical devices [3]. 
The biggest advantage lies in the capacity for cryogenic stabilisation. As a subcooled 
monophase liquid with high thermal conductivity, pressurised helium II can absorb in its 
bulk a deposition of heat up to the temperature at which the lambda line is crossed and 
local boiling starts due to the low thermal conductivity of Helium I. (Quasi-) saturated 
Heli, which is in fact slightly subcooled due to the hydrastatic head below the liquid 
surface, can only absorb heat up to the point where the saturation line is crossed, and a 
change of phase occurs. The enthalpy difference from the working point to the transition 
is much bigger in the pressurised Heli case. 
One disadvantage of the use of pressurised helium II is the need for an extra level of heat 
transfer and process equipment, in this case a pressurised to saturated helium II heat 
exchanger [3]. 

WC magnet cryostats 

The magnet cryostats must give a solid mechanica! support for the magnet cold mass and 
reduce heat inleaks from room temperature to match the heat load budgets to the 
different temperature levels. They must also withstand sudden thermal and mechanica! 
transient such as rapid cooldown, loss of insuiaring vacuum and resistive transitions of 
the superconductive magnets (quenches). 
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In figure 1.5 a cross section is given of the LHC are dipole cryostat. 

The centre of the cryostat is the cold mass, consisring of a twin aperture superconducting 
magnet, housing the two beam pipes, enclosed in a long cylindrical stainless steel shell. 
There are two cold bore pipes, the helium heat exchanger, and pipes for instrumentation 
wires and the busbars. 
Radiative insulation is wrapped around the cold mass and the surrounding cryogenic 
lines. This multilayer insulation (MLI) is based on 10 layers of reflective Mylar film with 
spaeer material in between. The radiative insulation is insulated from the cold mass by a 
non-metallic spaeer [2]. 
The thermal shield is made of an extruded aluminium bottorn shell and 2.5 mm thick 
circular shell. The thermal shield is covered with 30 layers of MLI, and its main purpose 
is to intercept radiative heat inleak from the ambient level. The shield is actively cooled 
to SOK- 75K by helium gas flow in the line E. 
This whole construction is supported by 3 support posts. These supports are made of a 
cylindrical column of composite low thermal conducting material and four metallic 
flanges. Two of these flanges act as heat intercepts, one at the same level of the thermal 
shield, and one at SK -lOK linked to the line C. The top and bottorn flanges are linked 
to the cold mass and the vacuum vessel. 

In the design process of the are dipole cryostat a second actively cooled screen was 
considered. This so-called radiation screen should be placed around the cold mass, being 
cooled by line C, and operaring at a temperature of 5-1 OK Instead of wrapping the 
superinsulation direcdy around the cold mass it is wrapped around this screen. The major 
advantage of such a screen was expected to be the better performance of the cryostat in 
case of a degraded insulation vacuum. Decided was however, not to incorporate this 
screen in the final design. More on this radiation screen in chapter 6.2. 
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Bayanet heat exchanw 

As already mentioned, the use of pressurised Heli for cooling the superconducting 
magnets needs a pressurised-to-saturated Heli heat exchanger to extract the heat from 
the static pressurised Heli bath. 
There are two ways of doing it, shown schematically in figure 1.6. Heat transfer by 
conduction only (a) depends on the high thermal conductivity to extract the heat of the 
static Heli bath on one of the ends of the magnet string. This works good for distances 
in the ten meter range. For longer strings, as in lHC, it is not possible to keep the 
temperature differences low enough. 

a) l.SK 

Heli saturated, static Heli pressurised, static 

b) 

Heli saturated, flowing 1.85K 

Figpe 1.6: Coolingaf a superrontiuctirmt1f!!7Rt string by (a) crmduaim thraufP the stringonly, or by (b) rom:edion using a 
saturaurl to pressurised heat exchanger aw- the length of the string. 

This limitation is overcome by distributing the pressurised to saturated heat exchanger 
along the lengthof the magnet string (b). This way a quasi-isethermal heatsinkis 
provided at every- longitudinal position along the string to be cooled. 
Subcooled helium is expanded over the Joule-Thomson valve and transported through 
the feed tube to the end of the heat exchanger tube, as it flows back and gradually 
evaporates as it gathers heat along the way. The heat load is extracted across the wall of 
the heat exchanger tube, which provides a large surface area, even when the wall is only 
partiallywetted [4]. 

LHCCY)UiPlicsystem 

All the cry-ogenic equipment is grouped together at the four even points, so the 
refrigeration power is transported over the complete length of a sector (3.3 km). The 
cry-ogenic pipes transporting cooling power are contained in a separate cry-ogenic 
distribution line (CDL) running alongside the string of cry-ostats with connections at 
every- half-cell (53.46 m). 
The four-point feed scheme is shown in figure 1.7 [1]. At each even point two helium 
refrigeration plants are installed (18 kW at 4.5K each), one for each adjacent sector. A 
Gyoplant lnterconnection Box (CIB), allowing distribution of the cry-ogenic loads links 
the two plants. 
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I : 1><J ~mi 

~ ~ 
CCB CCB 
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UCB Upper cold box 
LCB Lower cold box 
CIB Cryogenic interconnection box 

CCB Cold compressor box 
TI'B Tunnel feed box 

Figure 1. 7: General architecture of the LHC cryogenic scheme, with the suppfy and distribution of cryogenic cooling liquid and 
gas. 

Refrigeration at 1.8K is achieved by two Cold Compressor Boxes (CCB) installed 
underground and fed from the 4.5K circuit through the CIB. Each sector is terminated 
by Tunnel Feed Boxes (fFB) which are mainly used for dectrical connections. 
Starage vessels at 20 bar are used in all points for the recovery of gaseaus helium after a 
magnet quench in the respective octant. 

The following temperature levelsexist in the LHC cryogenic system [1]: 

SOK to 75 K used for thermal shielding of the cold mass from ambient heat inleaks. 
Supercritical helium at 4.5 K for initial filling of the cryomagnets and lower 
temperature heat interception (support posts) during normal operation. 
Quasi-isothermal superfluid helium cooling the cold mass at a temperature of 1.9 K 
and transporring the heat to the CCB's at 1.8K 
Normal helium cooling special superconducting magnets in the insertion regions, 
superconducting acceleration cavities, and high temperature superconducting (HTS) 
current leads at saturation temperature between 4.5K and 4.7K 
Gaseaus helium cooling HTS current leads in forced flow from 20K to ambient. [2] 

In figure 1.8 the cooling scheme of one half-cellis given [1]. 
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Figttre 1. 8: C~ f/uw-scheme of tm LHC half -aJ1 Cooling gas ttnd liquid is distributai through a separate CY}qptic 
distribution li:ne {CDL} akmg tlurptats. FareadJ half-all. there is a conm::tianwith the CDL. 

The six lines for transporting cooling liquid and gas and the return lines are housed in a 
separate cryogenic distribution line. In table 1.2 the operating pressures and temperatures 
of these lines is given. 

Line Function T emperature [K] Pressure [bar] 
A Cold mass suj>pJy 2.2 1 
B Cold mass return 1.9 0.016 
c Support post supply 4.5 2.3 - 2.6 
D Support post return 20 1 
E Thermal shield supply 50-60 20 
F Thermal shield return 60-75 20 

T & 1.2: Operation parttmRters for ~ lines intheseparate ~distributim fine. 

Subcaoled liquid helium from line A at 2.2 K is expanded to saturation through Joule
Thomson valve TCV1. lt is transported along the three dipales and one short straight 
section. The low pressure is maintained by pumping line B. 
Supercrincal helium from line C is used for heat intercepts on the support posts and 
cooling of the beam screens. Line D is the return line for this circuit. 
Line E delivers gaseaus helium to the thermal shield and support posts intercepts, which 
is retumed through line F. 
Warm-up and cooldown is achieved by forced circulation of high pressure gaseaus 
helium from line C through valve CFV, returned to the remgeration plant by valve SRV 
and line D. Valve SRV is also used in case of a magnet quench to discharge helium to 
line D [2]. 
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and line D. Valve SRV is also used in case of a magnet quench to discharge helium to 
line D [2]. 

Finally in table 1.3 the budgeted heat loads in the arcs are given: 

50-75K 4.5-20K 1.9K 
Total heat load [W] 62.2 2.68 1.67 
Support posts [W] 17.3 2.56 0.07 

Table 1.3:Budgetted heat loads for one UiC are dipole, under nomina/ steat!J-state conditions. Beam induced heat loads and 
transient heat loads are nat indutled in these values. These budgeted values are basedon available refrigeration capaci!J. 
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2 Cryostat Thermal Model 

2.1 Introduetion 

In the design of the LHC magnet cryostats, it is important to minimise the heat inleak to 
the 1.9 K cold mass. One of the tools in the designprocessis the Cryostat Thermal 
Model. 
The Cryostat Thermal Model (CTM) is a full-scale prototype of the LHC are dipale 
cryostat. It features the same components as the dipale cryostat, and its purpose is to 
measure the heat loads to the different components in the system. The only difference 
between the CTM and the real dipale is the cold mass and the length. In CTM, there is 
no superconducting magnet, thus leaving more room for instrumentation. Furthermore, 
CTM's length is only 10 meter, where the dipale cryostats will he approx.imately 15 
meter. This means that in CTM there are only 2 support posts, instead of 3 in the dipale 
cryostat. In figure 2.1 a cross section of the last version of the CTM (CTM3) is given, 
and in table 2.1 the various dimensions of CTM3 and the LHC dipale cryostat. 

LHC 15m dipole CTM3 
cryostat 

LenJ!,th ofthe vacuum vessel {mml 14 560 9 852 
Length of!he cold mass {mml 15160 10 262 

Inner diameter qfjhe vacuum vessel 890 960 
Outer diameter rif the cold mass [ mm J 570 580 

Number rif support posts 3 2 
Vistanee between support posts [mm] 5 400 5 420 

Table 2.1: Vijferences in dimensions between the 15m IRC dipole cryostat and CTM3. 

The CTM3 features the following parts: 

Dummy cold mass: 

Instead of a cold mass with a magnet inside, a dummy cold mass is used. It consists of 
two concentric stainless steel tubes, which are spot welded tagether in a honeycomb 
pattern. This way, a double walled structure is formed with a hydraulic cross section of 
about 5 cm2

• Insteadof 18000kg of stainless steeland 2501 ofliquid helium in a real cold 
mass, this dummy cold mass only consists of 500kg stainless steel and approximately 70 1 
of helium, thus significandy reducing cooldown and warm up times. 
The dummy cold mass has the same outer surface area and thermal properties, so using 
the dummy cold mass instead of a cold mass with a superconducting magnet has no 
effect on steady-state thermal performance. The cooling principle used in CTM3 is the 
same as in the real magnet cryostat. The dummy cold mass is filled with a static 
pressurised superfluid helium bath, which is caoled by a heat exchanger. 
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The cold mass is caoled by a capper heat exchanger. This heat exchanger is placed inside 
the helium collector, which is hydraulically connected in series with the cold mass static 
bath. 

Radiation screen 

CTM3 features an actively caoled radiation screen at 5K - 20K. This screen is made of a 
bottorn tray, which incorporates the cooling channel C, and the top part, which consists 
of 5 aluminium sheets, welded on 20% of their length to the bottorn tray. 
The top shells of the radiation screen are supported by the cold mass using 42 carbon
carbon cryogenic pin spacers. The thermal conductivity of these spacers has been 
measured separately in CERN central cryogenic laboratory [5]. The radiation screen is 
covered with 10 layers of radiative insulation. 

Thermaf shiefd 

The thermal shield, actively caoled at 50 K- 75 K, is of the sameprinciple as the 
radiation screen. The bottorn tray incorporates the cooling channel E, and the 5 
aluminium top shells are welded to the bottorn tray. The thermal shield is covered with 
30 layers of radiative insulation. 

Support posts 

The support posts used in CTM3 to support the cold mass, radiation screen and thermal 
shield are of the latest LHC design. The supports are made of a glass-fibre-epoxy 
column, to which the aluminium flanges are glued. The thermalisations to the 5K-20K 
leveland to the 50K-75K level are welded. [6] 
The heat inleak through the support posts is a major contribution to the total heat inleak 
to the different temperature levels. CTM3 does not provide the means to measure these 
heat loads directly. However, temperature sensors are placed on the support posts heat 
intercept flanges and thermalisations. With these measurements, support posts 
contributions can he estimated using measurements clone in a separated test cryostat. 
More on those measurements in paragraph 5.4.2 

Feed- andreturn boxes 

The vacuum vessel is closed on the sicles using end boxes. The feed end box (figure 2.2) 
contains all the cryogenic circuits used for the cooling of CTM, such as the phase 
separator, the Joule-Thomson heat exchanger and the cryogenic valves. The feed box is 
also used for the feed through of the liquid helium supply and the cryogenic return lines 
from the different circuits. 
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Liquid helium supply 

To pumping group 

Joule-Thomson 
heat exchanger 

To radialion screen & 
Thermal shield 

~~ 
/ Cryogenic valve V I 

Tocoldmass 

Figure 2.2: The feed end box of CIMJ with the cryogenic circuits used for cooling the shields and cold mass. S ee also figure 
2.3. 

The return end box is used for the interconnection from the supply lines (C and E) to 
the return lines (D and F). It is also used for most of the thermalisations of the 
instrumentation wires, at 1OK and SOK 
Both end boxes have two shields to minimise ambient heat inleak. The shields in the 
return box are caoled by the C/D and E/F circuit, the shields in the feed box by a 
separate cooling circuit. From these feed boxes a parasitic heat load enters the cryostat. 
These heat loads have been measured separately by conneering only the two end boxes 
together. More on these measurements is given in paragraph 5.4.1. 

2.2 Hydraulic scheme & instrumentation 

In figure 2.3, the hydraulic and instrumentation scheme of CTM3 is given. The left part 
of the figure is the feed end box, with the cryogenic circuits for the supply of helium to 
the shields and to the cold mass, and the Joule-Thomson heat exchanger for cooling the 
cold mass. The right part is the return end box, for the return of the helium of lines C 
and E to lines D and F. The middle part is the cryostat with the dummy cold mass, the 
shields with the multilayer insulation, and the support posts 
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2.2.1 Cryogenics 

The liquid helium for CTM3 is supplied by the central helium liquefactor of the 
cryogenic laboratory. A 1000 litre dewar is used as a buffer starage vessel. From this 
dewar the liquid is transferred to the CTM. 
In the phase-separator, the liquid and gaseaus part are separated. The gaseaus helium is 
used for the cooling of the thermal shield and the radiation screen through circuits E and 
C. The liquid helium, coming from the phase separator, is used for initia! filling and 
cooldown of the cold mass via valve V3. During normal operation it passes on to the 
Joule-Thomson heat exchanger for cooling the cold mass at 1.9K. 
Cooling down of the cold mass is clone in two stages: 
During the first stage, both valves V1 and V3 are open. With the saturated helium from 
the phase separator, the sereens and the cold mass are cooled. The cold mass is caoled 
until its temperature is 4.4K and it is filled with liquid. As aresult of a small mass flow 
through the Joule-Thomson circuit, this circuit is also filled with liquid helium at 4.4K. 
When the sereens are at the right temperature and the cold mass andJoule-Thomson 
circuit are filled with liquid, the cold mass is caoled from 4.4K to 1.8K. In this stage, 
valve V3 is closed completely, and valve V1 partially. With a pumping unit, capable of 
pumping 1 g/ s at 16 mbar, the pressure in the Joule-Thomson heat exchanger is 
gradually lowered. This way, the temperature in the Joule-Thomson heat exchanger 
decreases until it is below the lambda point. Through the capper heat exchanger, the 
static helium bath in the cold mass is caoled down as well. 
In normal operation, valves V1 and V6 are used to regulate the temperature of the cold 
mass and the liquid level in the Joule-Thomson heat exchanger. 
In figure 2.4, the Joule-Thomson processis shown in a temperature-entropy diagram. 
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Figure 2.3: Hydrau/ie and instrumenta/ion scheme of CfM3. The left part is the Jeeden box with the cryogenic circuitry, the 
right part is the return end box, for the return of cooling /i nes C and E, and the middle part is the cryostat with the dummy 
cold mass, the shields and the support posts 
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The saturated helium (of unknown vapour-mass fraction) (point 1) is pre-cooled isobaric 
in the Joule-Thomson heat exchanger toa lower temperature (1~2). From this point, 
the subcocled liquid is expanded isenthalpic over Joule-Thomson valve V1 to saturation 
at 1.8 K and 16mbar (2~3). By evaporating the liquid vapour-liquid mixture in the 
copper heat exchanger, heat is extracted from the cold mass (3~4). 
The temperature of the liquid before the expansion determines the efficiency of the 
process. A higher initial temperature (2') yields a higher vapour-liquid fraction (3'), so less 
heat can he extracted by evaporation. So it is important to always maintain a certain 
liquid level in the Joule-Thomson heat exchanger. 

Temperature-Entropy diagram for helium 
Joule-Thomson process 
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Figure 2.4: T-S diagram of helium with the Joule-Thomson expansion. üquid helium from the phase separator (1) is caoled 
isobaric in the J-T heat exchanger (2). The subcaoled liquid is expanded over valve V 1 toa pressure of16 mbar (3), and heat 
is extracted by evaporation (4). 

2.2.2 Instrumentation 

The CTM3 is equipped with several types of sensors to make precise measurements of 
static heat loads at the different temperature levels. In CTM3, temperature sensors, 
pressure sensors, mass flow meters and a helium level gauge are used 

Temperafure sensors 

Temperature sensors are the main tools in making the calorimetrie measurements. In 
CTM3, 3 types of temperature sensors are used. All sensors are based on the thermal 
dependenee of the electrical resistance. 

- Platinum sensors are used in the range of 30K- 300K Their electrical resistance 
consists of a constant term due to material defects, and a term varying with temperature. 
This variatien is proportional to the temperature change and is relatively large above 20K 
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(0.04 0/K to 0.07 0/K between 20K and 300K). Because of their good reproducibility, 
they do not need individual calibration. 

- Allen-Bradley carbon sensors are used in the range 1.8 - SOK. Because they do not 
reproduce, each sensor is calibrated individually. Some carbon sensors are calibrated 
from 1.8 to SOK, others from 1.8 K to 4.2 K, dependent on the position where the 
sensor is used. 

- Cemox ceramic sensors. On the cold mass a few sensors of this type are used. The 
advantage of cemox sensors over carbon sensors is their better stability and sensitivity 
[7]. In C1M, they are used and calibrated the same way as the carbon sensors. 

The resistance of the temperature sensors is measured using a four-wire set-up. Two 
wires are used for the current supply, two for the voltage measurements. 
There are three current loops used in C1M, depending on the temperature levels where 
the sensors are used. The carbon sensors use lJ.LA, the platinum use lOJ.LA or lOOJ.LA. 
Parameters such as measurement current and instrumentation wires haven been chosen 
to minimise parasitic heat inleaks through the wires and self-heating of the resistors. 
Furthermore, all wires are thermalised to lOK and/or 70K level to further reduce 
parasitic heat inleak through those wires. 
Apart from the temperature sensors in the regular instrumentation system of C1M, 9 
cemox sensors are placed inside C1M3 by the IHC/ ACR group used in a thermometry 
test set-up. These sensors are read by nine separate conditioners and do not use the 
normal current loops. Six of these sensors are placed on the cold mass, two inside the 
static superfluid helium bath and one the sensors wires thermalisation. The measured 
values are accessible in the C1M3 data acquisition system. 

Flaw meters: 

Flow meters are placed on all cryogenic circuits. On the C and E circuit two flow 
controllers are used for regulating the mass flow through these lines (FS and F8). On the 
E circuit the maximum flow is 0.5 g/ s, on the C circuit 0.1 g/ s. In parallel two large 
range flow meters are used for accelerating cooldown (FlS and F18). The flow meter on 
the exit of the Joule-Thomson heat-exchanger (F6) is used to measure the boil-off rate. 

Pressure sensors: 
Two types of pressure sensors are used in C1M3, :five cold cathode Penning gauges and 
one Pirani gauge. From the :five Penning gauges, one is placed outside on the vacuum 
vessel wall at room temperature (PS), two are placed between the radiation screen and 
the thermal shield (P2 and P4) and two are placed between the cold mass and the 
radiation screen (Pl and P3). 

Apart from the above-mentioned sensors, a gas analyser is used to monitor the residual 
gas in the vacuum vessel. A helium level gauge is used to monitor the liquid level in the 
Joule-Thomson heat exchanger. 

2.2.3 Data acquisition system 

A schematic of the used data-acquisition system is shown in figure 2.5 
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The data acquisition system of C1M3 is used to collect the data from the different 
sensors in CIM3, and to control several output variables. 
The data acquisition system is built around two Apple Macintosh computers, on which 
the Lab View program is running. T o collect the sensor data, two different systems are 
used. The Philips system consistsof one digital multimeter and four 10x multiplexers. 
The Keithley system consistsof a digital multimeter with a 10x multiplexer card, and a 
separate 40 channel switch system. With one Philips system and two Keithley systems, 
the total number of input channels is 138. The data from the multimeters is transferred 
to the two computer systems over a GPIB interface bus. 
In system A, a 10 channel output board is placed to control variables such as heater 
power and valve openings. 
The typical scan frequency is 1 per minute, dominated by the Philips system. In a normal 
scan sequence, all channels are scanned consecutively, first the 40 channels on the Philips 
system, then the 49 channels on the Keithley. T o enable higher sampling rates, a special 
routine has been written. Using this routine, the 49 channels on the Keithley system are 
scanned after one of the four Philips multiplexers. This increases the sampling rate for 
the channels on the Keithley system to about 3 per minute. This decreases the sampling 
frequency for the Philips system to once per 1.5 minute. 
All data are transferred from the two Macintosh systems toa central web server. Here 
the data is stored and made available using a web-interface for further analysis. 

2.2.4 Auxiliary tests 

Apart from the heat load measurements, CIM3 is used for two auxiliary tests. The 
IHCN AC group uses the C1M to do measurements on the beam sereens and their 
supports. For this purpose, two dummy cold bore tubes are installed, hydraulically 
connected in series with the dummy cold mass. Inside these dummy cold bores, 
prototype beam sereens are placed. This extra equipment gives an increase in parasitic 
heat loads to the C1M3 cold mass, by conduction from room temperature to the cold 
mass through the instrumentation wires, and by the application of an electricalload to 
the beam screens. 
The first can he estimated, and the second is well known. These parasitic heat loads can 
he directly subtracted from the measured total heat load to the cold mass. 
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The second auxiliruy experiment is the already mentioned thermometry test. The 
ll-IC/ ACR group uses the C1M to test high-precision temperature sensors and their 
controller electronics. Therefore, in total 9 cemox temperature sensors are installed near 
the cold mass. Six are placed directly on the cold mass on stainless steel supports of 
various thickness, to estimate the influence of this thickness. One is placed on a heater 
disk for thermalisation of the sensor wires, and two are placed directly in the static 
helium bath. 
The results of these experiments are not described in this report. More information can 
he found in references [8] and [9] 
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2.2.5 Previous Ctyostat Thennal Models 

As already mentioned, CfM3 is the third in a series of cryostat thermal models. CIM has 
been updated several times to represent the latest cryostat design. New components have 
been installed to verify their performance. In table 2.2 the differences between the three 
different models are given: 

Experiment 
Thennal shield: 

Inner diameter [mm] 
Thickness [mm] 

Bonom tray thickness [mm] 
Assembly shells to tray 

Radiation screen: 
Inner diameter [ mm] 

Thickness [mm] 
Bonom tray thickness [mm] 

Assembly shells to tray 

Superinsulation: 
Type 

Reflectors 

Spacers 

884 
2.5 
5 
riveting 

810 
1.5 
2 
riveting 

CTM2 

-Type C, Insulray IR305 
-Mylar, 6 J.1lll 
double-side aluminised 
(2*400Á) 
perfored, 2mm, 56 mm 
spacing 
-polyester tulle (0.06mm} 

Externallayers -Vitrulan 

Assembly -Layers fastened by glassfiber 

Thermalisation 
radiation shield 

thermal shield 

Supports (5K - lOK) 

rope: 
-30 layers on thermalshield 
-10 layers on radiation 
screen 

- braids, bolted to line C and 
radiation screen over the 
entire length. 
- Line F, incorporated in 
thermal shield bonom tray 

-Copper strips, bolted to a 
sleeve around line C and to 
the support post flange 

- Copper braids, bolred to a 
Supports (50K-75K) sleeve around line E and to 

the support post flange 

T able 2. 2: 1he different cr;ostat therrrn1 maids 

806 
2.5 
3/4/8 

C1M3-runl 

welding on 20% of the 
length 

580 
2.5 
4 
welding on 20% of the 
length 

-Type C, Insulray IR305 
Mylar,6 J.lm 
double-side aluminised 
(2*400Á) 
perfored, 2mm, 56 mm 
spacing 
-polyester tulle (0.06mm} 

-Vitrulan 

-Blankets, fastened by 
Velcro: 
-3 blankets of 10 layers on 
thermal shield 
-2 blankets of 5 layers on 
radiation screen 

- Line C, incorporated in 
radiation screen bonom tray 
(aluminium extrusion} 
- Line E, incorporated 
thermal shield bonom tray 
{Aluminium extrusion 
- bonom tray bolted to 
support posts flange, 
aluminium therma-lisation 
strips welded to bonom tray 
and flanges 
- bonom tray bolted to 
support post flange, 
aluminium therma-lisation 
straps welded to bonom tray 
aalflanges 
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806 
2.5 
3/4/8 

C1M3-run2 

welding on 20% of the 
length 

580 
2.5 
4 
welding on 20% of the 
length 

- Type D, Cryotherm 
- Mylar, 6 J.1lll 
double-side aluminised 
(2*400Á} 

-glassfiber paper 

-25 J.liD Mylar double side 
alum. (2*400 Á) 
-Blankets, fastened by 
Velcro: 
-3 blankets of 10 layers on 
thermal shield 
-2 blankets of 5 layers on 
radiation screen 

- Same as CIM3 -run1 



CIMl was different from CIM2 and C1M3 because it didn't have the actively cooled 
radiation screen. CIM2 and C1M3 are used to validate the possible use of such an 
actively cooled screen. Differences between CIM2 and C1M3 are mainly the 
thermalisations from the cooling lines C, E and F to the sereens and the support posts 
heat intercept flanges. 
Furthermore, different types of multilayer insulation systems are used in different 
versions of ClM. 
Because of the different thermalisations, in CIM2 it was possible to measure the heat 
extracted from the support posts directly, because the thermal shield and the support 
posts are cooled by two different lines. In C1M3 it is no longer possible to measure the 
two contributions separately, because both are cooled by line E. More on these 
thermalisations can he found in reference [23]. 
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3 ModeHing cryostat thermal performance 

3.1 Introduetion 
In parallel to the measurements clone with CIM3, a mathematica! model was developed 
to validate the experimental results. This model consists of a simplified one-dimensional 
representation of the heat transfer processes inside the cryostat. lts main purpose is to 
improve the understanding of the measurement results and to facilitate their 
interpretation. Furthermore, the model can be used to simulate the cryostat thermal 
performance under different operation conditions. The heat transfer processes taken into 
account are solid conduction, forced convection, radiation, conduction through residual 
gas and heat transfer through the multilayer insulation. 

3.2 The thermal network 

The basis of the mathematica! model is a thermal network of the different heat transfer 
processes in the CIM. (Figure 3.1) 

1.9 K 

s • solid tonduelion 

g c - conveelion to HeDlMTI 

m • heallranSfer through MLI 

r ~ radtalion 

g • tonduelion In residual gas 

L 

s 

A 

293 K 

Figure 3.1: 1hetmal netlWrk US«i in the mathematical malel. 1he lefi part of the netlWrk with the square naies describes the 
rold fret; the ripjJt side with the round naies the scra?nS. Bottan (A) is the 'U:KJIIIm ussel, the top (V? is the ro1d mass. 1he 
dijJermt na1es in the netlWrk are exp/ain«i in table 3.1 
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The mathematica! model of the CIM 3 was built using the MathCAD 7.0 program. The 
model uses a simplified approach and considers the heat transfer in the radial direction 
only. The longitudinal and circumferential temperature gradients can he neglected as they 
have less influence on the total heat inleaks at 3 temperature levels (50-75 K, 5-20 K and 
1.9 K) than the radial effects. lt incorporates the mathematica! model of the support post 
developed by M. Castoldi [26]. 

In table 3.1, the different nodes in the network are explained: 

Thennal network CTM3 T emperature 
location 

A Vacuum vessel 293K 
B, L, D, S, F, G, M, T Support post calculated 

H, I Thermalisation of the support post to line E calculated 

J Extemal surface of MLI on the thermal shield calculated 
K Thermal shield calculated 
E Helium line E 50-75 K 

N,O Thermalisation of the support post to line C calculated 
p Extemal surface of MLI on the radiation screen calculated 
R Radiation screen calculated 
c Helium line C 5-20K 
V coldmass 1.9 K 

T able 3.1: 1he different nales in the tkrmal netoork. 

As boundary conditions the temperatures of the helium in line C and line E and the 
temperature of the cold mass are used. The background vacuum pressure can he changed 
to simulate degradation of the vacuum pressure. 
The heat balance equations for each node in the network together with the four 
boundary conditions give 16 non-linear equations. This system is solved iteratively in 
Mathcad. As a solution, one obtains the temperature in each node of the system. 
The thermal network can he roughly divided in two parts. The left part describes the heat 
transfer in the support posts, the right part the heat transfer between the shields by 
radiation, heat transfer through the multilayer insulation and residual gas conduction. 
In appendix 1, the complete model and the equations used are given. 

3.3 Heat transfer processes 

In this paragraph, a brief description is given of the equations used in the model for 
calculating the contributions of the different heat transfer modes to the total heat 
transfer. 

3.3.1 Solid conduction 
For the conduction of heat through solids of constant cross-sections the following 
equation is used [2]: 

A T2 

Q = -- · JK(T)dT 
l 1i 
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Known as Fomier's law for heat conduction. A is the surface, and 1 the length of the 
body. When a temperature gradient exists in a body, there is heat transfer from the warm 
side to the cold side, proportional to the temperature gradient and the thermal 
conductivity of the material K (yl IK·m). The heat transfer is calculated with an integral 
because usually the thermal conductivity is a function of the temperature. 

3.3.2 Conduction in residual gas 

For conduction in residual gas, Kennards law is used. This law describes the heat transfer 
between two surfaces in a Knudsen gas, where the mean free path of the gas molecules is 
larger than the distance between the two surfaces. This means that there is no interaction 
between gas molecules, only interactions between the gas molecules and the surfaces 
(figure 3.2) 

Tt 

Fip;ue 3. 2: Heat amduaion in a Knwisen gas 

Using the velocity distri bution function of the gas molecules, the density of the gas and 
the temperature, the following equation can he derived [ 11 ], also known as Kennards law 
[10]: 

· (r +IJ ( R )~ P Q=A·a· _c_ · - · ·(7; -~) 
Yc -1 8;r (MT)~ 

{3.2) 

With (Yc=c/ cJ A is the inner surface, a. the accommodation coefficient, R the universa! 
gas constant, P the pressure, T the average temperature of the gas, and M the molecular 
weight of the gas molecules. 
For two concentric cylinders, the accommodation coefficient a. is defined by (10]: 

a1a 2 a=---:.....='----
A, 

a 2 +a1(1-a2)-

A2 

A1 and A2 are the surfaces of the two cylinders, and a.1 and a.2 the accommodation 
coefficients for the two surfaces, defmed by [10]: 
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Where T; is the temperature of the incident gas molecule, Te the temperature of the 
emitted gas molecule, and T1 the temperature of the surface 1. The values for helium are 
given together with the other physical properties in appendix!. 
The accommodation coefficient is strongly dependent on the state of the surface. In case 
there is a helium leak in the cryostat, and as a result the cold surfaces are covered with 
absorbed gas, the gas molecules do not interact with the wall directly, but they interact 
with the absorbed gas molecules. This interaction is stronger, and therefore the value for 
a increases. For helium between 1.9K and lOK, this value is about 1 [12]. 

The mean free path À of the gas molecules is given by: 

-1=1.15·104 ·,u· Jr 
p V"Ai (3.5) 

With'A the mean free path in cm, p the pressure in Pa, 1-1 the viscosity in Pa·s at 
temperature T and M the molecular weight [g/ mol]. For CIM, the mean free path of the 
molecules is about 10 cm between the cold mass and radiation screen and about 140 cm 
between the radiation screen and thermal shield, with a background pressure of 10-5 mbar 
and average temperatures of 6K and 30K respectively. 
The pressure P and the temperature T used in Kennards law are the local values. These 
values are not exactly known, but because the pressure in a Knudsen gas follows the 
thermal transpiration effect P/"T=constant (paragraph 3.4), the pressure measured at 
room temperature can he used and for T one can take room temperature 293K. 

3.3.3 Radlation 

The equation for heat transfer by radiation is basedon Stefan-Boltzmanns law for 
blackbody radiation: 

With cr the Stefan Boltzmann constant and T2 and T1 the boundary temperatures. 
Practical surfaces do not radiate as much energy as a perfect black body. Therefore, the 
emissivity factor E is introduced, yielding: 

(3.6) 

(3.7) 

This emissivity factor E takes into account the emissivities of both surfaces and their 
geometry. For two concentrical cylindrical diffuse surfaces, Eis given by equation 3.8 [5]: 

E(T. T) = ctC1~). &z (Tz) 
~' z A 

&z (Tz) + _l • (1- &z (Tz)) · &1 (.7;) 
Az 

With f>1 and f>2 the emissivities of the two surfaces, 
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3.3.4 Heat flux through multilayer insulation 

Heat transfer trough multilayer insulation is a combination of the three heat transfer 
processes described above. The heat transfer is given by equation 3.9 [5,28]: 

· [a 2 2 fJ 4 4 ( ] Q =A· N · (T2 -I;. ) + N · (T2 - 1;. ) + y · P · T2 - 1;.) (3.9) 

In this equation the coefficient a represents average thermal conductivity in the MIJ 
spaeer material, p the average emissivity of the refelectors, and y the residual gas 
conduction inside the MLI. N is the number of layers. In the equation used in the model 
the residual gas conduction is omitted, resulting in the following equation [5,28]: 

· [ a 2 2 fJ 4 4 )] Q = A . N . (T2 -I;. ) + N . (T2 -I;. (3.10) 

To establish the coefficients a and p, experimental results are used. Prom measured 
curves of the heat flux through the MIJ at two temperature levels (293K-77K and 77K-
4.2K), the coefficients are calculated. The contribution of the residual gas conduction is 
interpolated from the measured curves and incorporated in coefficient a. 
This way, the two coefficients are the same for the multilayer insulation systems on both 
the radiation screen (10 layers) and the thermalshield (30 layers). A more accurate 
solution would be to use four curves, two for each system. This way the two coefficients 
can be calculated separately for each system. However, this data was not available for the 
type of MLI used. 

3.3.5 Poreed convection 
Poreed conveerion is the heat transfer process between asolid and a gas or liquid, for 
instanee the heat transfer to the helium in the transfer lines. This is described by 
Newton's law of cooling: 

Q = h · A· (T2 - 1;.) (3.11) 

In this equation the factor h is the so-called convective heat transfer coefficient. It 
depends on several properties as viscosity, thermal properties and flow conditions. lt is 
usually calculated with the dimensionless Nusselt number Nu: 

Nu= h · dh (3.12) 
K 

In this equation, dh is the hydraulic diameter, and K the average fluid thermal 
conductivity. This Nusselt number is calculated empirically and depends on parameters 
as flow regime and gas properties. Por turbulent and laminar flows, two different 
equations are used: 

Turbulent flow: Nu= 0.023 · Re0
·
8 

• Pr0
·
4 (3.13) 

In case the flow is laminar, and the length of the flow channel is much larger than the 
diameter, the limit Nu=3.7 can be taken. Pr is the Prandd number of the gas. 
The flow regime is associated with the Reynolds number Re: 

Re= p·v· dh (3.14) 
p 
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With p the density, J..L the dynamic viscosity, v the flow velocity. The value Re= 2300 is 
usually taken for the boundaty between laminar and turbulent flow. For lines C and E, 
using me = O.lg Is and me = 0.4g Is, and Tc=SK and TE=60K, one obtains: 

Ree= 1385 Qaminar flow) 

ReE=3394 (turbulent flow) 

3.4 Pressure in the cryostat 

In a cryostat, in which large temperature differences exist, the background vacuum 
pressure is not constant. The thermal transpiration effect and cryopumping cause 
pressure gradients to exist. 

3.4.1 Thermal transpiration effect. 

Imagine a vessel existing of two volumes of different temperature, divided by a flow 
restriction. Let the mean free path of the gas inside the vessel by much larger than the 
vessels dimensions (figure 3.3). 

_> 
- <v2> 

.. :·-;.: 

Figpre 3.3: 1hermtd transpiration 4fo:t 
In equilibrium, the flux of particles from volume 1 to volume 2 is equal to the flux in the 
other direction: 

[ll]with: 

·1--+2 ·2--+1 1 =] 

( 2kT)~ (v) = 2;r· --;;;-
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(3.18) 

(3.19a) 

(3.19b) 

(3.20) 



g1ves: 

or: 

or, in case of an ideal gas: 

nT.X-nr.X 
I I - 2 2 

P1 = {f: 
p2 vr: 

(3.21a) 

(3.21b) 

(3.21c) 

So the ratio of pressures in two volumes of different temperatures is equal to the square 
root of the ratio of the temperatures. This phenomenon is used in the application of 
Kennarcis law, where for the local value of p/ ...JT, one can use the pressure measured at 
ambient level and room temperature. 

3.4.2 Ctyopumping 

In case there are large cold surfaces in a cryostat, these surfaces act as so-called 
cryopumps. Gasses in the ctyostat condensate against the cold surfaces. There are two 
processes responsible for this ctyopumping. 
The first one is candensation. This is a Van-der-Waals interaction between the gas 
molecules and the cold surface. If the temperature is low enough, the condensation 
coefficient is about 1, meaning all incident gas molecules get absorbed. The temperature 
needed for condensation depends of the saturated vapour pressure of the gas. A surface 
temperature of 20K suffices to get parrial pressures of all gasses except H 2, He and Ne 
below 10·9 Pa. For the difficult to absorb gasses, these temperatures are T = 6K for Ne, 
2.5K for H 2 and 0.3K for He [14]. 
Once the cold surface is covered with about one monolayer of molecules, the dominant 
process is physisarption. This is an interaction between the gas molecules in the vacuum 
space and the already absorbed molecules on the surface. This interaction is also based 
on Van-der-Waals forces. 
The pressure in the vessel as a function of the coverage and temperature of the surface is 
given by the so-called isotherms of absorption. In figure 3.4 the isotherms of absorption 
are given for helium on stainless steel [15]. 
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Fig;rre 3.4: Isothenns of absorpti.on for He on stainless steel [15]. 

With the cold mass at 1. 9K, all gasses except helium wi1l he absorbed. 
As visible in figure 3.4, at low surface coverage, the pressure inside the vacuum vessel 
wi1l he low. Condensation is the dominant process in this regime. Only after a certain 
amount of time, when the coverage is about one monolayer, physisorption is the 
dominant process. The background pressure wil1 increase. This process makes it difficult 
to notice possible leaks to the vacuum vessel. Initially, all the leaking gas or fluid wil1 he 
absorbed on the cold surface, and only after a certain amount of time an increase in 
pressure wil1 indicate the preserree of a leak. 
Furthermore, at high surface coverage the background pressure is highly dependent on 
the temperature of the cold surface. An increase in the surface temperature leads to the 
release of absorbed gas and causes pressure instabilities. 
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4 Multilayer insulation systems 

4.1 Introduetion 

Multilayer insulation system.s (MIJ) also called superinsulation or radiative insulation, is 
based on a large number of reflective radiation shields, separated by some low thermal 
conductive spaeer material. lts main purpose is to reduce heat transfer by radiation, while 
keeping heat conduction through the spaeer material and the residual gas low. The 
radiative shields are usually made of a thin metallic film or a polyester film coated with a 
reflective layer (aluminised Mylar). For the spaeer material, glass fibre or polyester nets or 
paper is used. 
The principle of radiative insulation is given in figure 4.1: 

T I 

Figure 4.1: Principle of radiatir:e insulation. By placing a f/oating serren betuan tUXJ suifares, heat trcms/er by rddiation 
h:tt.am those tcro suifares is h.t1u:d 

In :figure 4.1, heat is transferred by radiation between two surfaces at different 
temperatures Th and T1• The heat transfer between those surfaces is given by equation 
3.7: 

(3.7) 

Now a floating radiation screen is placed between the two surfaces. Floating means that 
this screen is not actively cocled or heated, so its temperature Ti is determined by the 
thermal equilibrium due to radiation. 
The heat transfer from one surface to the screen and from the screen to the other surface 
are equal: 

(4.1) 

with: 

Now assuming that the two emissivity factors E are equal, one gets after adding the two 
equanons: 
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or: 

So by placing the floating screen between the two sulfaces, the radiative heat transfer is 
halved. This way, by using multiple radiation screens, the heat transfer by radiation is 
significantly reduced. By eperating in low background vacuum pressure (< 10-5 mbar), 
heat transfer by residual gas conduction is minimised, and using a low thermal 
conductive spaeer material between the shields, conductive heat transfer can he kept as 
low as possible. By placing N radiation shields, in the ideal case the heat flux wil1 he 
reduced by a factor N + 1. 

4.2 Heat transfer processes in MLI 

(4.2) 

(4.3) 

In ideal MIJ, the heat is transferred only by radiation. In practice, the heat transfer is a 
combination of radiation, solid conduction and residual gas conduction. These processes 
strongly interact. 

In C1M3, MLI is used on the thermal shield and on the radiation screen. On the thermal 
shield, 30 layers are used, on the radiation screen 10 layers. 
Between the vacuum vessel and the thermal shield, radiation is the main mode of heat 
transfer. Therefore, the MLI is ve.ry efficient on this screen. In C1M3, the outer layer 
temperature is about 293K, indicating that the heat transfer to the thermalshield is 
dominated by the MLI pelformance. This temperature is measured with a sensor on the 
outer layer of the MLI. 
Between the thermal shield and the radiation screen, heat is transferred by radiation as 
well as residual gas conduction. Between the inner layers, heat wil1 he mainly transferred 
by residual gas conduction, because the temperature is relatively low. Furthermore, the 
gas density between the layers can he higher because pumping gas from this closed space 
is difficult. 
In the outer layers, radiation is again the most important mode of heat transfer. 

4.3 Influence of different parameters 

Important parameters that describe the pelformanee of the MLI are the emissivity of the 
reflectors, the thermal conductivity of the spaeer material and the vacuum pressure. 
However, the pelformanee of the MLI is also highly dependent on some other, difficult 
to control parameters. 

4.3.1 Layer density 

Thermal pelformanee of multilayer insuiatien systems depends on the density of layers 
of the system. The layer density depends on the type of materials, and the compression 
of the insuiatien blanket. At low background vacuum pressure (< 10-5 mbar), residual gas 
conduction can he neglected. Heat transfer by radiation decreases with increasing 
number of shields, but heat transfer by solid conduction increases when the packing 
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density increases, because of better thermal contact between the reflectors and the spaeer 
material. Therefore, there will be an optimum number of layers where the heat transfer is 
minimal [2]. 

Usually, MIJ is used in applications where it is mounted vertically, so the layer density is 
about constant over its surface. In lliC and CIM, the MIJ is mounted on horizontal 
cylindrical surfaces, so layer density is affected by self-compression. On top of the 
cylinder, the MI..I is compressed under its own weight, while under the cylinder the layer 
density is significandy decreased. 
Experiments have shown that because of this effect, the heat transfer through the MIJ 
can be twice as high. [16, 17] 

A third effect is mainly important on the MIJ on the radiation shield. Heat transfer by 
radiation between dissipative media at different temperatures can be different than 
described by the Stefan-Boltzmann law when the layers are closely spaeed [18] 
This effect is mainly present when the dominant wavelength of the radiation is of the 
same order as the spacing of the reflectors. By adding a shield between two such closely 
spaeed layers, heat transfer by radiation can be increased by up to a factor 8 instead of 
reducing it by a factor lh [18]. 
For the MIJ on the radiation screen, the wavelength of the radiation coming from the 
thermalshield is about 50 J.lm, given by Wien's law [19]: 

llmT = 2898pm · K 

Which is of the same magnitude as the spacing of the layers and the thickness of the 
Mylar films. 

4.3.2 Mounting conditions 

(4.4) 

The mounting conditions can also have an influence on the performance of the 
superinsulation. The heat transfer parallel to the surface can be up toa factor 1000 higher 
than the normal transfer through the blanket, as a result of the high thermal conductivity 
of the aluminium coating. As a result of this, thermal coupling between the edges and 
penetration such as supports and transfer lines can have a large effect on the overall 
thermal performance [7]. 
The way the layers are put tagether also makes a difference. Experiments at CERN show 
that there is a large difference between MIJ that is composed layer by layer, and MIJ 
that is supplied in precomposed blankets (paragraph 4.4). 

4.4 Experiments for assessing MLI thermal performance 

In CERN's central cryogenic laboratory 'Cryolab', experiments are done to establish the 
thermal performance of different types of MIJ, from 77K to 4.2K. In figure 4.2, the test 
setup used to perfarm these measurements is shown. 
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Figpe 4. 2: V ertical test CY)Ostat for rrmswing MLI thenwl peifànnana! leiu:ren 17K ttnd 4. 2K. 1he MLI sttmple is 
rrmnta1 on the inner drum, kept at 4. 2K by liquid helimn. 1he cylinder ttrrJUnd the smnple dmm is coola1 at 17K by liquid 
~ 

The sample is mounted on a cold drum, maintained at 4.2K by liquid helium. Around the 
test cylinder, a second cylinder is kept at 77K by liquid nitrogen. The two cylinders are 
suspended by low-conducting nylon rods to minimise parasitic heat in leaks. The two 
cold drums are made of copper to make sure their surfaces are isothennal. 
The thermal performance of the MIJ is measured using the boil-off rate of the helium at 
4.2K. In the top of the cryostat there are three independent nested vessels. One liquid N2 

vessel for the outer screen, one liquid helium vessel for the inner screen and one other 
liquid helium vessel as a guard vessel, minimising parasitic heat in leaks to the inner liquid 
Hevessel. 
The background pressure can be degraded by injecting helium gas in the vacuum vessel 
to measure the MIJ performance at different pressures. 
In figure 4.3, the results are given fora few samples 
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MLI Heat Flux Comparison 

VLD = Variabie Layer Denslly, DAM =Double Alull'inlzed Mylar, HC = High Compression, LC = Low Compression, V= Veiera Loek 

1000 

_,._9/4/98 DAM Lydall HC I V 

--*""3014/98 DAM Lydall LC /V 

-f--5/6198 DAM Jehier HC I V 

-+-2/8/98 DAM Jehier LC I V 

-e-8-5-99 DAM VLD I V 

f -+-2219/95 DAM VLD 

!. .. 
" 

100 
u: 
i :z: 

10~--------~--~--~------~~-------------+------------~ 

1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03 

Resldual Pressure [mbar] 

Figure 4.3: Experimmtal results fora fow MLI smnp/es, ~in a wtical test CY)Ostat betrum 17K and 4.2K 

The DAM (Double Aluminised Mylar) samples fromJehier and Lydall are the ones used 
in C1M3-run1 and C1M3-run2 respectively. From each type ofMLI, two samples have 
been measured, one with high compression of the layers and one with low compression 
of the layers, indicating the effect of this compression on the thermal performance. The 
high compression blankets are mounted more tightly than the low-compression ones. 
Even though the exact layer densities are not known, the results for the high 
compression samples show an increase in heat transfer of about 15% - 30%. 
The curves for the DAM - VLD samples are shown to indicate the influence of the 
mounting procedure. The DAM-VLD/V sample is a pre-composed blanket of 10 layers, 
fixed by a Velcro loek. For the other sample, the layers and spaeer material are mounted 
one by one and fixed using aluminium tape. Even though the spaeer material used in 
both samples is not exactly the same, it is clear there is a large difference in performance. 
The mounting of the blankets with the V elcro is easier, but yields a higher heat transfer 
through the blankets. 

4.5 M odelling MLI thermal performance 

As already mentioned, MLI thermal performance is main1y dependent on heat transfer by 
radiation, residual gas conduction and solid conduction through the spaeer material. 
Using only these three processes, it should he possible to make a model to predict the 
total heat transfer through the MLI. 
The measurements in the vertical cryostat have shown, however, that MLI performance 
is highly dependent on other parameters such as mounting conditions and layer density 
or layer compression. These conditions are not known for the MLI used in CfM3. 
Furthermore, for evaluating such a model, it is necessary to measure temperature profiles 
in the MLI, to measure the contributions of the different heat transfer processes to the 
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total heat transfer. These proftiescan he measured at different locations to establish the 
influence of the self-compression in the horizontal application of the MIJ. With the 
current con:figuration of C1M3, it is not possible to measure these proftles. Therefore, 
no theoretica! model for the performance of the MIJ has been made. 
One can use different equations descrihing the heat transfer through the MIJ [7, 19, 20]. 
In all these equations the different modes of heat transfer are represented. In equations 
3.9 and 3.10, this is also the case. The coef:ficients a and ~ represent the average values 
for the emissivity and conduction, and they can he determined experimentally. 
Equation 3.10 appears to describe the performance of the MIJ quite well [28]. 
Therefore, and because this equation has been used before at CERN [2], equation 3.10 is 
used to describe the heat transfer through the MIJ in the mathematica! model described 
in previous chapter. 
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5 Experiments 

5.1 Measurement methods 

5.1.1 Thennal shield and radiation screen 

For measuring the extracted heat from the thermal shield and the radiation screen 
through lines E and C respectively, the first law of thermodynamics for steady state is 
used: 

(5.1) 

With Qextract the extracted heat from the shields, m the helium mass flow in the line, and 
hout and hu, the specific enthalpy of helium at the entrance and exit of the shield. The 
mass flow is measured, and the speci:fic enthalpies are calculated from the measured inlet 
and oudet temperatures of the gas and the pressure. 

5.1.2 Cold mass 

For measuring the heat load to the cold mass, two different measurement methods can 
be used: 

Boil-offmeasu:rement 

In a boil-off measurement, the heat load to the cold mass is determined by measuring the 
evaporation rate from the Joule-Thomson heat exchanger. At the beginning of a 
measurement,Joule-Thomson valveVlis closed, so the boil-off rate represents the heat 
load to the cold mass: 

(5.2) 

With, Qcm the heat load to the cold mass, mv the boil-off mass flow rate, and L the latent 
heat. During the measurement, the liquid level in the Joule-Thomson heat exchanger 
decreases. One has to divide the mass flow by a certain factor to compensate for this 
decrease. However, at 1. 9K this factor can be neglected [2]. 

Temperature drift arer time 

Another way of determining the heat load to the cold mass is by observing the increase 
of temperature from 1. 9K to the lambda point of the cold mass. At a time t0, the 
pumping unit is stopped and as a consequence the temperature of the cold mass 
increases. Because of the high thermal conductivity of the static Heli, the temperature of 
the cold mass stays uniform. 
The first law of thermodynamics says: 

Q
. _ dhHe(T) 
cm- mHe. dt (5.3) 
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With Qcm the heat load to the cold mass, mHe the mass of the helium inside the static 
bath, and hHe the specific enthalpy of helium. Since the heat capacity of the helium in the 
cold mass is much bigger than the heat capacity of the stainless steel, the contri bution of 
the stainless steel can be neglected. 
When applying an additional electricalload to the cold mass, equation 5.3 becomes: 

(5.4a) 

or: 

Q. = m . dhHe(T) Q. 
el He dt cm (5.4b) 

So by making a linear fit of Qe1 against dh/ dt, Qcm can he determined. For each value of 
the applied heater power, the speed of enthalpy increase dh/ dt is determined (figure 5.1). 
By plotring the electrical heater power against the enthalpy increase (figure 5.2) the heat 
load to the cold mass is determined. 
Because the static Heli bath is (quasi) isothermal, there is only one sensor needed. The 
specific enthalpy is calculated with the measured temperature. In figures 5.1 and 5.2, the 
enthalpy evolution and the linear fit determining the heat load to the cold mass are given: 

Dyname ~M11-d, 28/4/1999 
enthalpy evolution 

~r---------------------------------------------------~ 

2200 
• Enthalpy 

- Sectrical heater pcMer 
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2 

i 1.55' 

~~~----------------------~==~~~fff~~~----------~ 
~ 

.r:. 
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40 50 60 
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0 

Figure 5.1: Enthalpy ewhainn dJ1d appliai ekrt:rimJ he4ter JX1W?r dwing a dynamic~ Wtth inor!asing heat htd 
to the rold mass, the ttmperature dJ1d thus the ent:halpy of the rold mass helium incratses /aster. 
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Figure 5.2: Detemzinatian of the total heat !Md to the rold mass. 7he app!iai eltrtriad heater JXlCU!r is plott«l a8ftinst the 
enthalpy increase. 7he crossingwith they-axis determines the heat !Md to the rold mass. 

In this case, the heat load to the cold mass is 1.3W. The accuracy of the total heat load is 
determined by the accuracy of the linear fit. 
Because the density of the helium inside the cold mass decreases with increasing 
temperature, relativelywarmHe at 4.4K is introduced into the cold mass. This results in 
an extra parasitic heat load to the cold mass. The measured heat load can be corrected 
for this. [2]. 

14 

Both measw·ement methods have their advantages and disadvantages. One of the 
advantages of the boil-off measurement is that the system is stabie the moment the 
measurement is actually taken. After closing Vl, it takes a few hours before the 
temperature of the cold mass, the pressure in the Joule-Thomson heatexchangerand the 
boil-off mass flow are constant. The temperatures of the sereens are stabie as wellafter 
that period. 
However, if this stabilisation takes too long, the liquid level in the heat exchanger 
becomes too low. As a result of this, the thermal contact between the cold mass and the 
heat exchanger is no longer good enough, indicated by a decrease of temperature in the 
Joule-Thomson heat exchanger and an increase in temperature of the cold mass. The 
vapour boil-off rate is then no longer proportional to the total heat load to the cold mass. 
One of the advantages of the temperature drift over time measurements is their short 
duration. One measurement typically takes 30 to 60 minutes. A disadvantage is, however, 
that the system gets disturbed. During this measurement, the cold mass heats up, 
releasing cryopumped gas from its surface. This increases the pressure, which disturbs 
heat load to the cold mass and radiation screen. 
In case the background vacuum is degraded, the heat load to the cold mass is relatively 
high (5- 10 W). For an accurate measurement, the applied electricalload should he at 
least of the same magnitude as the natural heat load to the cold mass. If the total power 
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to the cold mass becomes too high, this can result in a too high increase in temperature, 
resulting in the static helium bath losing its superfluid state. 

5.2 Experimental program 

In this chapter, the following experimental results are presented: 

- CTM2: Performed in 1997 and previously reported in reference [23] 
- C1M3-run1: Performed from March 1998 to May 1998, also reported in reference [24] 
- C1M3-run2a: Performed in December 1998 
- C1M3-run2b: Performer from March 1999 to June 1999. 

Since the results for CTM2 are already presented, they are only mentioned to he compared 
to the results of C1M3, to validate some design choices. 
The results of C1M3 are also compared to the calculations done with the mathematica! 
model. This to validate the model and to compare the performance of the MI.J in CIM with 
the performance measured in the vertical cryostat. 

5.3 CTM2 

The performance of CTM2 under nominal conditions as reported in reference [23] is given 
in table 5.1. 

Heat inleak [W] 50K-75K 5K-20K 1.9K 
Total 43.2 4.8 1.6 
Support posts 16.0 - -. . 
T able 5.1: Nanind condition peifàrmtneofCFM2 . 

For the support posts at the 5K-20K and the 1.9K level there are no measurements. 
For degraded vacuum conditions, only the heat load to the cold mass has been reported, 
shown in figure 5.3. The temperature of the radiation screen was about 12K. 
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CIM2 was the first version equipped with the actively cooled radiation screen. There was 
however no big impravement inthermal performance compared to CIMl. The thermal 
impedance of the radiation screen to the thermalisations was higher than expected. This 
higher impedance is attributed to the bolted connections [23]. (See paragraph 2.3) 

5.4 CTM3 

CIM3 has been used fromMarch 1998 untilJune 1999. Two measurement campaigns 
have been performed, run 1 from March 1998 until May 1998, and run 2 from December 
1998 untilJune 1999. 
Between those two measurement campaigns, CIM3 has been reconfigured to solve some 
problems from run 1 and change the superinsulation used. Furthermore, during August 
and September 1998, a calibration measurement has been done, to measure the parasitic 
heat coming from the end boxes, run 0 (see paragraph 5.4.1) 
The main purpose of run 1 was to examine the performance of the radiation screen, run2 
was used to check the results of run1 and measure the performance of the MIJ. 

5.4.1 Run 0 

The heat load to the cold mass, measured with CIM3, is an integral measurement. It 
does not differentiate the parasitic heat inleak coming from the end boxes, the radiation 
screen or the support posts. The parasitic heat from the end boxes is coming by 
conduction through the helium in the connecting line from the phase separator to the 
cold mass (see figure 2.3), by conduction from room temperature through the cryogenic 
valves V1 and V3, and some heat coming from the helium level gauge. 
For run 0, the two end boxes are connected direccly against each other. T o he able to 
measure the parasitic heat load to the cold mass, the 1 Om dummy cold mass has been 
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replaced by a 50cm pseudo cold mass (fig 5.4). The heat load to dus pseudo cold mass is 
measured using the boil-off method. 

Feed box Returnbox 

Pseudo cold mass 

Figure 5. 4: Experimental setup for the measunment of the parasitic heat inleak t:hrozttP the end !mees, Run-0. 7he t:r.w end 
lxxxes tUe aJf1J1JJ1fd directly against edch other, and the 1 0-m rold mass is replaad by a 50on pseudn rold mass. 7he ~ 
circuiJs for the actire cooling of the serrens in the feai boxes tUe rrot shar.m in this figure. 

The measurements have been clone at different background vacuum pressures. The 
results of these measurements are shown in table 5.2 [25]: 

Vacuum pressure [mbar] Heat load [ m W] 
1.3·10"5 390 
1.1·10"3 530 
3.9·10"3 730 

T able 5. 2: Measuml heat IMds to the rold mass fom the end boxes to the rold mass. 

The background vacuum pressure is measured by a Penning gauge at room temperature. 
The given pressure values in table 5.2 are already corrected for helium. (See paragraph 
5.4.6) 

Equations 5.5 and 5.6 describe the heat transfer through a channel of superfluid helium 
[25]. 

X(T) = 520. (1- e-[3{2.16-T)J2.s) (5.5) 

and: 

q3
.4 ·l = X(J;,)- X(J;) (5.6) 

With q the heat flux in W I cm2
, 1 the length of the channel in cm and Th and T1 the 

temperatures at the warm and cold end of the channel in K. The line from the cold mass 
to the phase separator is 133 cm long, and has a cross sectien of 0.1256 cm2 [25]. 
Assuming that the transition from superfluid helium from the cold mass to normalliquid 
helium is at the phase separator, the expected parasitic heat inleak is 145 mW. 
Heat conduction from ambient level to the cold mass through the cryogenic valves V 1 
and V3 has been calculated to he 61m Wand 72m W respectively. The heat introduced by 
the helium level gauge is 63m W [25]. 
So the total expected parasitic heat inleak under nominal condition is 341m W. The 
difference between the measured value (table 5.2) and the calculated value can he 
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explained by the measurement uncertainty (5%~20m W), and the fact that the elistance 
from the cold mass to the transition from superfluid Heli to normalliquid helium can be 
less than the completelengthof the channel of 133cm. 
The increase in the parasitic heat load with increasing pressure is the result of heat 
conduction through residual gas from relatively warm parts in the en boxes to the cold 
mass and Joule-Thomson heat exchanger. 

5.4.2 Support Posts 

CIM3 does not provide the means to measure directly the contributions of the support 
posts to the total heat loads. T o estimate the contribution of these supports, a 
mathematical model is used [25]. T emperatures measured at the support post heat 
intercept plates are used as input parameters in this model. 
In this model, experimental data are used for the thermal conductivity of the composite 
material, and the calculations have been validated with separate heat load measurements. 
The differences between these measurements and the calculations are used for the error 
margin in these estimations (table 5.3). lt is possible that in CIM the differences between 
calculations and the real contributions are larger, because in these separate measurements 
the support posts were not loaded with the weight of the cold mass and the 
thermalisation to the cooling channels E and C can be different. 

Temperature level Accuracy [W] 
50K-75K 0.5 
5K- 20K 0.15 

1.9K 0.02 

T able 5.3: AaurttL)' of the calaJations for the support post rontributions, htsai on separate meastmments of suppart post 
peifarrnan:e [25 1 

5.4.3 Measurement accuracy 

The measurement uncertainty in the heat extracted from the radiation screen and thermal 
shield is determined by the measurement uncertainty in the temperatures at the inlet and 
outlet of the cooling channels C and E, and the uncertainty in the mass flow through 
those channels. 
The measurement uncertainty of the boil-off measurement is determined by the 
uncertainty in the boil-off mass flow rate, and the uncertainty in the latent heat, which is 
dependent on the temperature in the Joule-Thomson heat exchanger. The latter is 
negligible compared to the first. 
The measurement error in case of a dynamic measurement is mainly determined by the 
accuracy of the linear fit determining the heat load to the cold mass. The error in this 
case is about equal to the error in case of a boil-off measurement. 
The measurement accuracy at the different temperature levels are given in table 5.4: 
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Temperature level Accuracy [W] 
50K-75K 2.5 
5K-20K 0.1 

1.9K 0.1 

T ahle 5. 4: Measurr:mmt aa:uracy for CTM3 

5.4.4 Run 1 

CIM3-run1 has been performed from March to May 1998. lts main purpose was to 
measure the performance of the radiation screen. Furthermore, the results are used to 
validate the mathematica! model and to compare the performance of the superinsulation 
in CIM with the measured performance in the vertical ctyostat. 
Liquid helium was supplied with large transportable dewars. This rendered the 
measurements difficult, because of the limited capacity of the dewars together with the 
long temperature and background vacuum stabilisation times needed. 
In addition to a measurement in good vacuum representing nominal operaring conditions 
two series of measurements have been done, one with degradation of the radiation 
screen temperature and one with degradation of the background vacuum pressure. One 
measurement has been done without mass flow in the C-line, disabling the active cooling 
of the radiation screen. 

Early during the measurement campaigu a helium leak to the vacuum space was 
discovered. This leak was the result of a ruptured weid in the cold mass double walled 
structure. T o maintain good vacuum conditions, the vacuum space was continuously 
pumped with a turbo molecular pump. Nominal and stabie vacuum conditions were only 
obtained after a warm-up of the system, when the surfaces of the cold mass and radiation 
screen were free of ctyopumped gas. 

The inlet and oudet of cooling channels C and E are equipped with two sensors each, to 
continue operation in case one sensor fails. Nevertheless on the inlet of line E, both 
sensors failed. To determine the heat extracted from this shield, the inlet temperature and 
enthalpy, has been estimated using the temperature of the shield [27]. Therefore, the 
measurement uncertainty of the total extracted heat from the thermal shield is higher 
than mentioned in paragraph 5.4.3 
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Naminal canditinn 

In table 5.5, the results for the nomina! conditions are given. Nomina! condition means 
good vacuum (10-6 mbar), and operaring temperatures of the radiation screen and 
thermal screen within the 5K- 20K and 50K-70K range respectively: 

Mass flow Average Extracted heat 
Pwann=7.5·10·7 mbar [g/s] temperatures [K] [W] 

C-line E-line TS RS CM TS RS CM 
43.2 3.1 0.44 Total 

0.39 End boxes 
14.9 1.1 0.13 Support posts 

Date: 22-May-'98 0.1 0.4 67.8 8.7 1.8 28.2 2.0 0 Net Values 

T able 5. 5: Results for CFMJ - mnl for naninal ronditions. 

The heat load to the cold mass is measured with a dynamic measurement. There has 
been only one extemal electricalload applied, so the accuracy is quite low. This explains 
the fact that the total measured heat load to the cold mass is less than the sum of the end 
box and support posts contributions. 
The net values mentioned in table 5.5 are obtained after subtracting the support posts 
and end box values from the total measured value. They give an estimate of the thermal 
performance of the shields. 
The mentioned pressure Pwann =7.5·10-7 mbar is the pressure measured on the vacuum 
vessel wallat room temperature. This pressure has already been corrected for helium (see 
paragraph 5.4.6) 

Meastmmentwithout radiation fCYffn cooling 

In table 5.6 the results are shown for the measurement without radiation screen cooling. 

Mass flow Average Extracted heat 
p wann=4.4·10-6 mbar [g/s] temperatures [K] [W] 

C-line E-line TS RS CM TS RS CM 
56.6 0 2.31 Total 

0.39 End boxes 
15.4 0 0.83 Support posts 

Date: 14-April-'98 0 0.4 67.5 50.4 1.9 41.2 0 1.09 Net Values 

T able 5. 6: Results for CFMJ - mnl witlxJut roofing af the radiat:im .501!m. 

Without active cooling of the radiation screen, no heat is extracted from the support 
posts either. Therefore, the contribution of the support posts is expected to be 0 watt. 
The calculated value for the two support posts is -0.08 watt, which is within the 
measurement uncertainty. 
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T o measure the influence of the temperature of the radiation screen on its performance, 
a series of measurements was done with different radiation screen temperatures, for two 
different temperatures of the thermal shield. The vacuum pressure with these 
measurements was 1.1·10·5 mbar, measured on the vacuum vessel at room temperature. 
In figures 5.4, 5.5 and 5.6 the results for this series are shown tagether with the 
measurement without radiation screen cooling. The measurements are shown tagether 
with the calculations. For the calculations, the boundruy temperatures of the C and E line 
helium have been chosen so that the sereens temperatures are equal to the average 
measured values. 
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The heat extracted from the thermal shield hardly depends on the radiation screen 
temperature, because it is dominated by the radiation from room temperature to the 
thermal shield. 
The heat load to the radiation shield decreases with increasing temperature, and the heat 
load to the cold mass increases with increasing radiation screen temperature, as expected. 
The differences between the measured and calculated results will be discussed in 
paragraph 6.3. 

Measunments with degrade:i background 'U1CUUm pressure 

In this measurement series, the background vacuum pressure was degraded with the 
injection of dry helium gas. This way, measurements were clone over a range of pressures 
in the 104 to 10-3 mbar range. T ogether with the nomina! condition measurement and a 
measurement from the degraded radiation screen temperature series, this gives a total 
range of pressures from 10-7 to 10-3 mbar. The measurements were clone at a thermal 
shield temperature of about 67K. 
Because of the helium leak from the cold mass, it was necessary to continuously pump 
the vacuum space. The injection of the dry helium gas, tagether with the cryopumping 
on the cold surfaces made it difficult to obtain stabie vacuum conditions. 
In figures 5.7, 5.8 and 5.9 the measurement results are given tagether with the calculated 
results. The pressure mentioned in these figures is the vacuum pressure measured on the 
vacuum vessel wall, at room temperature and corrected for helium. 
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The calculated values for the heat extracted from the radiation screen and the heat load 
to the cold mass are -13.3W and 28.2 W respectively 
The results of the unstable vacuum conditions are clearly visible in the figures above. If 
one compares for instanee the measurements at 2.5·104 mbarand 2.6·104 mbar, there is 
a large difference in the measured results, while the other conditions such as 
temperatures of the sereens and background pressure are approximately equal. 
The differences between measurements and calculations tagether with the other results 
will he discussed in paragraph 6.3 

5.4.5 Run2 

After run 1 was finished, CIM3 has been dismanded to repair the helium leak in the cold 
mass, and to mount a different kind of superinsulation. A system for automatic vacuum 
pressure regulation was installed consisring of a regulated injection valve tagether with a 
controlloop in the Lab View program. Furthermore, a continuous liquid helium supply 
was made available. 
The goal of run 2 was to check the measurements of run 1, and to measure the 
performance of the new MIJ in a horizontal configuration. 

Shortly after the beginning of run2, another helium leak appeared. T o estimate the leak 
rate, the pressure evolution was monitored during 1 day with the turbo molecular pump 
switched off. Using the increase of the pressure measured at room temperature, the leak 
rate appeared to he 1.3·10-5 mbar·l/ s. The system was stopped and components probably 
causing the leak were replaced. CIM3 - run 2 was continued in March '99. 
To validate the measurements of run1, approximatelythe same measurements were 
done. One series with degraded temperature of the radiation screen, and two series with 
degraded vacuum pressure. 

Measurrment methad at hi?}J vacuum pressure 

At high vacuum pressure (>2·104 mbar), the heat load to the cold mass is too high to 
keep the static helium in the cold mass superfluid. The heat exchange between the cold 
mass and the Joule-Thomson heat exchanger is not good enough to provide sufficient 
cooling power. T o increase the heat exchange, valve V3 is opened to permit a small mass 
flow through the cold mass and to imprave the heat extraction from the cold mass. 
Because of this mass flow, a boil-off measurement is no langer possible. T o he able to 
measure the heat load to the cold mass in this case, an extrapolation from the 
measurements at lower pressure is used. 
For the auxiliary thermometty test (paragraph 2.2.4), 6 Cernox sensors are placed on the 
cold mass surface, on supports of different thickness (figure 5.10). Two sensors are 
placed inside the static helium bath to measure the temperature of the superfluid helium. 
These Cemox sensors are accurate enough to measure the temperature difference 
between the Heli and the cold mass surface. This temperature difference is linear with 
the thickness of the cold mass stainless steelwalland the support of the sensor, and is 
linear with the heat flux through the stainless steel envelope of the cold mass and the 
sensors supports, according to Fourier's law of heat conduction. 
In figure 5.11, this temperature difference is plotted against the measured heat load to the 
cold mass. Only five plots are given, because one of the sensors failed. 
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• 

Figure 5.10: 7he six Cemox sensors plaad on the rold mtSS suiface on stainless steel supports of different thickness. 

T emperature differences over the cold mass swface 
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Figure 5.11: Temperature dijJerrm!s hetuH!n the rold mtSs suiface and the static Heli bath as fonctinn.s of the heat load to 
the co/d mtSS, usai to extra:po/ate the heat /cad to the co/d mdSS at higp utaiUm presstnes. 7he tmtperature ~is /inau 
7lith the heat /Md. 

As expected, the temperature difference is linear with the measured heat load. The linear 
fits can he used to estimate the heat load to the cold mass at higher vacuum pressures, 
when a boil-off or dynamic measurement is not possible. For each sensor, the 
temperature difference is measured, with which the heat load is calculated. 

The accuracy in the extrapolated heat load, a bout 0.5W, is detennined by the accuracy of 
the linear fit shown in figure 5.11 and the varianee between the extrapolated heat per 
sensor. 
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During the run 2 a few disturbances were observed, making some measurements more 
difficult and less accurate. 

Oscillations of the temperature at the inlet of line C caused a bigger uncertainty in the 
measurement of the extracted heat from line C. A mixture of liquid and gaseaus helium 
is fl.owing from the phase separator instead of only helium gas. The oscillations are 
caused because both gas and liquid pass by the sensor. Because the vapour mass fraction 
of this mixture is not known, the specific enthalpy at the inlet of line C is not know. 
T o he able to measure the heat extracted from the radiation screen by line C, the mixture 
is heated with heater Q3 and the measured temperature is averaged to detennine the inlet 
enthalpy. In figure 5.12 the oscillations are shown and in figure 5.13 the specific enthalpy 
calculated with the average temperature is plotted against the applied heater power. 

Inlet and outlet temperatures of line C 

0+---~----~----~--~----~----~--~----~----~--~ 
0 10 20 30 40 50 

time [h] 

60 70 80 90 100 

Figure 5.12: TemperaJure oscillation.s on the in/et ofline C 7he in/et and outlet temperatu'II?S are plott«l. In the text boxes 
the applial heater fXJWf!Y on the in/et ofline Cis indiratai. 
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As expected the average enthalpy at the inlet of line C is linear with the applied power. 
This validates the use of this average. Because the measurement error for the 
temperature at the inlet is higher, the uncertainty in the extracted heat from the radiation 
screen increases to about 0.3 W. 

Another instability was observed on the cooling line E of the thermal shield. When a 
boil-off measurement is done valveVlis closed. This changes the flow conditions, 
causing instahilities intheentrance temperatures of the thermalshield (figure 5.14). The 
mass flow through line E does not change. 
Because these disturbances occur only during the boil-off measurement, an accurate 
measurement of the heat extracted from this shield is still possible. This can however not 
be done at the same time as a boil-off measurement but has to be done just before the 
boil-off measurement. 
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Evolution of E-line temperatures dwing a boil-off measurement 
10/5/99, M14-boiloff 
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Figure 5.14: lJisturhtna? on the E -fine i:nlet tanperature duringa l:xJil-cffmeasurwent. Flow instabilities CttUSe tanperature 
orillations. 

As already mentioned in paragraph 3.4.2, a small increase of the temperature of one of 
the cold surfaces can lead to instahilities in vacuum pressure. During a dynamic 
measurement, the temperature of the cold mass increases about 0.1K. This indeed 
releases some cryopumped gas, leading to an increase in vacuum pressure. The pressure 
can increase by a factor 2 as a result of this process. 

The increase in pressure leads to instahilities on the radiation screen. Because of these 
instabilities, the measurement of the heat extracted from the radiation screen can not be 
done at the same time as a dynamic measurement, but has to be done just before. 

The best background vacuum pressure obtained was 1.1·1 o-s mbar. Therefore, the 
nominal condition measurement from run1 could not be confirmed. The measurements 
with degraded radiation screen temperature were all performed at approximately that 
pressure. 
Initially, the pressures inside the cryostat between the cold mass and radiation screen and 
between radiation screen and thermal screen were too low to be measured (< 10"9 mbar). 
After about four weeks these pressures increased indicating the presence of another leak 
into the background vacuum space. 
Again the vacuum pressure was monitored during one day to estimate the leak rate. This 
appeared to be 4.7·10-6mbar·lls. This is less than duringRun1, soapart from the already 
replaced parts, there appeared to be other leaking components. 

In figures 5.15, 5.16 and 5.17 the measured and calculated results are give for the 
measurements with degraded radiation screen temperature are shown: 
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The increase in heat load to the cold mass and the decrease of the extracted heat from 
the radiation screen as observed in run1, was not seen during dus measurement 
campa.tgn. 

Measurements with degpulal background weuurn pressure 

19 

Because the experiences during run 1 and the beginning of run 2 showed that injecting 
dry helium gas into the vacuum space with the preserree of a leak into the vacuum space 
lead to unstable vacuum conditions, degradation of the background vacuum pressure was 
done another way. 
A second turbo molecular pump was installed on the feed box side of the cryostat. A 
valve was placed between the vacuum vessel and the pump. By varying the opening of 
dlls valve, the pumping speed could be changed, and this way the vacuum pressure could 
be changed. 
This way an increased background vacuum pressure was established under stabie 
conditions. 

The measurements were performed with two different temperatures of the radiation 
screen (13K and 8K). With the radiation screen at 13K the pressure could not he 
increased above 1·104 mbarwithout losing superfluid conditions in the cold mass. 
In figures 5.18, 5.19 and 5.20 the measured and calculated results are given: 
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Discussion of these results and comparison of the measured and calculated performance 
will he clone in the paragraph 6.3 

5.4.6 Pressure measurements 

As already mentioned, CfM3 is equipped with sensors inside the vacuum vessel, in 
addition to the sensor on the outside of the vacuum vessel wallat room temperature (P5). 

Two sensors are placed between the cold mass and the radiation screen (P1 and P3), and 
two sensors between the radiation screen and the thermal shield (P 2 and P 4). (See figure 
5.21). 

Heium injeotion 

9P, Vaouum vessel (293K} 
Thermal shielcJ 150-75 KI 

Radlation Sl288n !5-10 Kl 

reedbox I 
Dumm~coJclmass[1.9Kl 
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9P, 9P, 

ÇJP, ÇJP, 

Figure 5.21: LOCI1tion ofthe Penningpressure gttU[!!S inside and on CFMJ 

These five sensors are individually calibrated at room temperature in helium. Because the 
gas inside the cryostat consists mainly of helium, the gauge reading has to be corrected 
for helium using this calibration. 
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The output of a Penning gauge is proportional to the gas density. The gauges inside the 
cxyostat therefore do not measure the pressure, but they measure the gas density. The 
reading of the gauge is the equivalent pressure at room temperature. 
The measured gas densities at the different temperature levels are not equal but are 
determined by the processes described in paragraph 3.4. In figure 5.22, the measured 
pressures during run 2 are plotted: 
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Fif!}fff! 5.22: Measurei pressures duringmn 2 at dijfermt timp'!rature levtis. 

The pressure values in figure 5.20 are the gauge readings corrected for helium. These 
gauge readings represent the gas density. As expected, the gas density at the low 
temperature levels is higher than at room temperature, because of the thermal 
transpiration effect. Only gauge P2, positioned between the radiation screen and thermal 
screen at the feed box side gives a gas density lower than expected. This can be the result 
of a change in sensitivity. In equilibrium, one expects: 

n,,3 (l.9K -lOK) ~~293 ~ 7 
n5 (293K) 6 

n2,4 (10K -60K) ~ ~293 ~ 2.7 
n5 (293K) 40 

The measured pressure ratios are slightly different. For gauge P 4 between the radiation 
screen and thermal shield this ratio is approximately 2, and for gauges P 1 and P 3 the ratio 
is approximately 4. 
The measured ratios are lower than the ratios expected based on the thermal 
transpiration effect. This is the result of the cryopumping of the gas at the cold surfaces. 

T o rrieasure the composition of the residual gas in the vacuum space, the gas was 
analysed with a mass spectrometer. In table 5.7, the parrial pressures for the most 
conunon gasses are given. As expected, helium has the highest parrial pressure. 
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Gas: Partial pressure [10'6 mbar] 
H2 15 
He 710 

H 20 22 
N2+C0 7.3 

02 5.5 
Ar 1.6 

co2 1.3 

T able 5. 7: Pardal pressmes in CTMJ of the most cxmnrn gasses 

The gas analyser was not calibrated. This means that the above values do not correspond 
completely with the total pressure measured with the Penning gauge at room 
temperature. 
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6 Discussion of results 

6.1 Budgeted heat loads 

In table 6.1, the budgeted heat loads for nominal conditions are compared to the 
measured results in C1M2 and C1M3. The budgeted values are based on the available 
cooling capacity for steady state operation. The results for CIM are multiplied by 1.5, 
because the budgeted values are based on a 15m dipole cryostat with 3 support posts. 

CTM2 CTM3-run1 CTM3-run2 Budget 
PS [10-6 mbar] 1 0.75 11 11 1 
TTS[K] 70 67.8 67 56 50K-75K 
TRS[K] 13 8.7 7.8 8.0 5K-20K 
Thermal shield Total 65 65 (?) 63 (?) 75 

[W] Supports 24 22.3 22.5 23.0 
Radiation screen Total 7.2 4.6 4.1 3.4 

[W] Supports - 1.64 1.6 1.34 
Coldmass Total 2.4 0.077 (?) 1.20 1.56 

[W] Supports 0.19 0.18 0.17 

T able 6.1: Operatingparameters fwcuum pressure anti scra?nS tmtperatures} and mRaStiYfd and bud[!!tid heat loads for 
dijJerf!J1t 'Lmions of CTM 

62.2 
17.3 
2.68 
2.56 
1.67 
0.07 

For CIM3-run 1, two measurements are mentioned. The measurement at 7.5·10-7 mbar 
has a high uncertainty in the heat load to the cold mass. Because the nominal vacuum 
conditions were not established in run 2, this measurement could not be confirmed. 
Therefore, for CIM3-run 1 and run 2 the results for 1.1·10-5 mbar are mentioned. 

At the thermal shield, the total heat loads as well as the support post contributtons 
exceed the thermal budget. In run 2, the measured total extracted heat load is higher than 
in run 1. This is probably due to the sensor failure during run 1, and an underestimation 
of the total heat load. The inlet enthalpy was estimated by assuming the temperature at 
the inlet of line E was 5.5K lower than the shields temperature at that point [27]. During 
run 2, temperature differences from 7K to lOK have been observed. 
Because of the sensor failure during run 1, the flow instability seen during run 2 could 
not be verified for run 1. This could also be an explanation for the difference in total 
heat load. 
Since the heat extracted from the thermal shield is dominated by the heat transfer from 
the vacuum vessel to the thermal shield, improving the performance of the MI..! is the 
most apparent method to bring the heat load within the budgeted values. 

The support posts contributtons for run 1 and run 2 are about equal because they are 
based on the same estimations. In C1M2, the support post contributton could be 
measured separately, because the thermalisation of the supports and the cooling of the 
thermal shield are done by different lines. The calculated support post contributton for 
CIM3 is of the same magnitude as the measured contribution for CIM2. Together with 
the fact that for the measurement without cooling of the radiation screen the calculated 
contributton is within the measurement uncertainty of the expected 0 watt, it can be 
concluded that the calculations of the model for the support posts are correct. 1bis 
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condusion is also supported by the fact that the values for the support posts are also 
measured in separate laborato.ry measurements. Therefore the budgeted values are too 
low, and need to be reconsidered. 

The total heat extracted from the radiation screen exceeds the budget as well. The 
budgeted values are, however, based on a design without an actively cooled screen. So 
there the budget is based only on the heat extracted from the support posts. The 
difference between the budgets for the total and for the supports is used for cooling of 
the beam screens. 
The measured values for the support posts are well within the budget. 
The cooling power needed to cool the radiation screen should have come from the 
decrease in cooling power needed for the cold mass, by using this radiation screen. 

For the cold mass, the heat load coming through the supports is again over the budget. 
The total heat load is however within the budget. Again, lt should be noted that these 
budgeted values are based on a design without actively cooled screen. 
T o estimate the heat load without this screen, one can use the sum of the extracted heat 
from the radiation screen, and the heat load the cold mass. 
Without actively cooled screen, the heat load to the cold mass will be determined by the 
performance of the MIJ, which is wrapped directly around the cold mass. At a vacuum 
pressure of 1.1·10·5 mbar, the measured heat transfer through the MIJ is about 3.7 Watt, 
and 3.2 Watt for 7·10·7 mbar. This is above the budgeted value. One of the solutions 
could be again to improve the performance of the MLI. 

6.2 Performance of the radiation screen 

One of the goals of CIM3 was to measure the performance of the actively cooled 
screen. When the screen was frrst proposed, it was expected to reduce the heat load to 
the cold mass in case of degraded background vacuum conditions. 
From the results of run 1, the heat extracted from the radiation screen increases with 
increasing vacuum pressure. The measurements from run2 however show a decrease. 
The extracted heat even becomes negative at pressures higher than 3·10-'~ mbar. The 
measured negative value means that the heat transferred from the radiation screen to the 
cold mass is higher than the heat transferred from the thermal shield to the radiation 
screen. This negative heat load has been confirmed by the calculations done with the 
mathematica! model. 
So at high vacuum pressures, using an actively cooled screen increases the heat load to 
the cold mass more than without the screen. T ogether with the additional financial 
investment and the higher risk for helium leaks to the vacuum vessel, the expected 
advantages from such a screen are not realised. 

6.3 Calculated results 

In figures 5.4 to 5.9 and figures 5.15 to 5.20 the measured and calculated results for both 
run 1 and run 2 are given. 
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For the extracted heat from the thermal shield, the measured values for run 1 are lower 
than calculated. For run 2, the measured values are higher. The lower results for run 1 are 
probably again the results of the underestimation because of the sensor failure. 
Since the heat extracted is mainly dominated by the performance of the MIJ, this means 
that the MIJ in CIM3 - run 2 has a higher heat transfer than measured in a vertical 
cryostat. This is probably the result of one of the reasons mentioned in paragraph 4.3 
For the heat extracted from the radiation screen, the measurements of run 1 (figure 5.5) 
show the same trends as the calculations. In run 2, these trends are not visible (figure 
5.16). 
For the heat load to the cold mass, during run 1 the measurements confirm the 
calculations quite well (figure 5.6). There are differences between the series at the 
different thermal shield temperatures, which are not expected This can be the result of 
the pressure instabilities. 

For run 2 again, the expected trend is not visible (figure 5.17). The measured heat load to 
the cold mass for run 2 is higher than calculated. lt is possible there is an additional 
parasitic heat load to the cold mass, not present during the calibration measurement run 
0. Since the boil-off measurements show higher heat loads, this additional parasitic heat 
load will probably work more on the Joule-Thomson heat exchanger than on the cold 
mass. Where this additional parasitic heat load should come from is not clear. 

!JerJakl backgroundwcuum pressure 

The heat extracted from the thermal shield measured during run 1 shows the same trend 
as calculated. The measured heat load is again higher than expected, again the result of 
the performance of the MLI. 
For the two series performed during run 2, only the series at T RS = 13K shows the same 
trend as the calculations. The increase is however about equal to the measurement 
uncertainty. 
The measurements done at T RS =7K do not show the same trend as the calculations, and 
the extracted heat from the thermal shield stays about equal during the entire pressure 
range. 

As already mentioned, the calculated heat extracted from the radiation screen decreases 
with increasing vacuum pressure. The measurements during run 1 however showed an 
increase. Run 2 confirmed the calculations. For the radiation screen as well, this is most 
likely the result of the performance of the MIJ. 

For both runs, measurements of the heat load to the cold mass show the same trends as 
the calculated results. For run 1, the calculated values are higher than measured for high 
vacuum pressures. 
For run 2, there are only small differences between the measured and calculated values. 
The differences are however bigger than the measurement uncertainty. The dynamic 
measurements confirm the calculations quite well, for both temperatures of the radiation 
screen. The difference between the boil-off measurement and dynamic measurement can 
again he the result of an additional parasitic heat load not accounted for in run 0. Since 
the boil-off measurements follow a certain trend as well, it is not likely that the 
differences are the result of a higher measurement uncertainty than expected. 
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6.4 MLI performance 

Measured peifarmatre 

Difference in performance of the MIJ in CIM from the performance in a vertical 
ctyostat causes most likely the biggest differences between the calculations and 
measurements of extracted heat from the thermal shield and the radiation screen. 
T o compare the two performances, the data for the Ml..I in CIM has to be extracted 
from the measured extracted heat from the shields, the total heat load to the cold mass 
and the calculated support posts contributions. Figure 6.1 shows a simpli:fied thermal 
network used to extract the Ml..I performance from the measurements. 

Cold mass 
QcM '!' -

Qst 

I 
Q. 

Radiation screen 
Qas 

r -
Qs2 

I 
QMLI,RS 

Thermal shield 
Qrs 

T -
Qs3 

I 
QMLI,TS 

Vacuum vessel 

Figure 6.1: Simplijial thermal netlaJrk to extract the MLI peifarmant:e fom themRi1SIIYld extrttetal heat fom the shields 
dJ1d the heat lead to the rold mass. 

Figure 6.1 shows the four temperature levels in CTM. The heat transfer in the network 
can be divided in two parts, heat transfer through the support posts (Qsu Q52 and Q53), 
heat transfer between the shields through the MI...I (QMu,rs and Q~ and heat transfer 
from the radiation screen to the cold mass (Q~. Qrs, QRS and QCM are the measured heat 
extracted from the thermal shield, heat extracted from the radiation screen and the heat 
load to the cold mass. 

The heat transfer through the Ml..I can he calculated using the following equations: 

QMU,TS =QTS +QRS +QCM -QS3 (6.1) 

QMU,RS = QRS + QCM - QS2 (6.2) 

The accuracy in the calculated performance of the MLI is determined by the 
measurement uncertainty of the heat loads and the accuracy of the calculations for the 
support post contributions. 
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In figures 6.2, 6.3, 6.4 and 6.5 the measured MIJ performance is plotted tagether with 
the measured performance in a vertical cryostat, and the calculated performance based 
on those vertical cryostat measurements, using equation 3.10. 
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The results from run 1 can not he directly compared to the results of run 2, because the 
type of MIJ is different (see paragraph 2.3). 
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The performance of the MLI used on the thermal shield is not well known, since it has 
notbeen measured separately. lnstead, a general performance plotfora similar type of 
:MIJ has been used [2]. 
For the performance of the :MLI on the thermal shield screen, the results for both run 1 
and run 2 show little difference between measured and calculated values. For run 1, the 
measured results at high vacuum pressure are even better than expected. lt is not clear 
however if this is a result of the measurement error due to the sensor failure. 
The results for run 2 do not show the expected trend At low pressure, performance of 
the :MLI is worse than expected, at high pressure it is about equal. 

On the radiation screen, the differences between calculated and measured performance 
are bigger. For run 1, the measured heat flux in CIM is a factor two higher than the 
calculated heat flux based on vertical cryostat. At higher pressure this difference becomes 
less. 
For run 2, the measured heat flux through the :MLI is approximately a factor 3 higher 
than the calculated heat flux over the entire pressure range. 

Calculations of MLI petfarmarKE 

The coefficients a and ~ from equation 3.10, are calculated from the two curves for N:ILI 
performance in a vertical cryostat. For run 2, these coefficients are: 

a=5.5·1o-s W /m2·K2 

~=4.3·10-9 W /m2·K4 

Where a is the coefficient descrihing the heat transfer through the spaeer material and 
residual gas conduction, and ~ the coefficient descrihing the radiation. For p= 10-7 mbar, 
where residual gas conduction can he neglected, one finds the following values for the 
different contributions: 

Radiation Conduction 
30 layers, 300K-56K 1.15 W/m2 0.15 W/m2 

10 layers, 56K-7K 4mW/m2 19mW/m2 

T able 6. 2: Contributions of the different heat transfer processes in the heat flux thraugp the MLI, baseion the roeffo:ients a 
and jJ as determintd by the wtical CY)OStat measureJ'/'lWit. 

As expected, at the high temperature level, the heat flux consists mainly of radiation, at 
the low level it is mainly conduction. Even though the input data for the MIJ on the 
thermal shield is not accurate, table 6.2 shows that the calculated coefficients based on 
that data are of the expected magnitude. 

To improve the performance of the :MLI on the thermal shield, one has to reduce the 
amount of heat transferred by radiation. This can he achieved by adding layers, which 
could however deteriorate the performance as well because of the self-compression. 
T o improve the performance of the :MIJ on the radiation screen, the heat transfer by 
conduction has to he reduced. This can he done by choosing a different spaeer material 
with lower thermal conductance, or by adding additionallayers of spaeer material 
between the reflectors. 
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7 Conclusions 

During fi.fteen months, Cryostat Thermal Model3 (CIM3) has been used for steady state 
heat load measurements on a lliC prototype dipole cryostat. Both measurement runs 
performed during this investigation suffered from leaks in the insulation vacuum 
Therefore, results have to he considered with caution. Nevertheless, the results could he 
compared to budgeted values and calculated values. 

Almost all heat loads to the various temperature levels exceed the budgeted cooling 
supply. For the support posts, only the heat extracted at the 5K level is within budget. 

The total heat extracted from the thermalshield exceeds the budget with about 16%. 
This is mainly the result of the heat transfer through the multilayer insulation (MLI), 
which is about 1.5 W/m2

• 

Heat transferred through the :MLI should he about 1.15 W I m2 to keep the total heat load 
within the available cooling power. Consiclering heat transfer by radiation only , without 
:MLI, one expects about 35W /m2

• So by using 30 layers of:MLI, intheideal case the heat 
load wil1 he 1.13 W /m2

• This still results in small margins for non-nomina! conditions. 
Since the budgeted values are based on a design without actively cooled screen, measured 
values at the lowest two temperature levels cannot he directly compared with the budget. 
The :MLI performance can he used as a measure for the heat load to the cold mass 
without such a screen. For a vacuum pressure of 1.1·10·5 mbar the heat flux through the 
:MLI is about 180 mW /m2

• To have a heat load within the budgeted value, heat flux 
through the :MLI should he decreased to about 85m W /m2

• 

The measurements from run 2 showed a negative effect on the total heat load to the cold 
mass with increasing background pressure. These negative effects are confirmed by the 
calculations. The expected advantages of this screen have not been observed. 

Calculations done with the one-dimensional mathematica! model descrihing the CIM, 
show the same trends as observed during the measurements. The overall measured heat 
load to the different temperature levels is higher than calculated. For the cold mass, this 
can he the result of an additional parasitic heat load to the cold mass and Joule-Thomson 
heat exchanger. 
The higher measured heat extracted from the radiation screen and thermal shield is most 
!ïkely the result of the horizontal application of the :MLI, causing the layer density to 
mcrease. 
Since the performance of the :MLI is crucial for the performance of the entire cryostat, 
further research in the properties of this superinsulation has to he done. 
Multilayer insulation between 77K and 4.2K is already stuclied in a vertical cryostat. A 
better understanding has to he obtained of the influence of the horizontal application. By 
placing temperature sensors between the layers, a mathematica! model descrihing the 
heat transfer processes in the :MLI could he evaluated. 
The :MLI on the thermal screen needs further research as well. There are currently no 
tests done on the performance of the :MLI on this level other than in CIM3. The 
performance of the :MLI on this shield is responsible for the high heat extracted at this 
temperature level. 
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8 Cryostat thermal model 4 

T o he able to make further research to the performance of MIJ in a horizontal 
configuration, Oyostat Thermal Model4 is currently under study (figure 8.1). lt provides 
features from both CIM3 and the vertical test cryostat for MIJ performance. 

Supply endbox Cryostat Thermal Model 4 Return endbox 

LineC 

i I 
LineE 

Figure 8.1: C1)0Stat 1hermal Modd 4. A test cryJstat formedSUYfm87tS af MLI petfarmarKe in harizantal appliratims. 
MLI iswrapp«laround thedummyaidmass. Tbeheat Wad ismeaszmrl by lxJil-offfom the 4.4K/1.25 bar bdiumbath. 

- The radiation screen from CIM3 wil1 he removed. 

- The cold mass wil1 heusedat 4.4K insteadof 1.9K. This way, there is no complicated 
cryogenic circuitry needed, and the risk for helium leaks from a superfluid helium bath is 
reduced significantly. 

- MIJ wil1 he wrapped around the thermal screen and directly around the cold mass. 

- The heat load to the cold mass wil1 he measured using the boil-off method, using the 
same principle is used as in the vertical cryostat. The boil-off mass flow is measured from 
a liquid helium vessel hydraulically connected to the cold mass. A second liquid helium 
vessel is placed around this one and functions as a guard vessel for parasitic heat leaks. 

- The support post heat intercept plates wil1 he cooled with line C to 4.4 K. There wil1 
he no heat load to the cold mass coming from the support posts. By cooling the sereens 
in the end boxes to a sufficiently low enough temperature parasitic heat loads from the 
end boxes wil1 he minimised as well. 
The MIJ can he equipped with sensors measuring the temperature profiles over the 
layers. This way, the measured performance could he compared to a mathematica! model. 
Since the heat flux through the MIJ at the 4.4K level is measured directly, without 
having to use calculated heat loads through the support posts and heat load the cold 
mass, the accuracy wil1 he higher. 
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The performance of the MLI on the thermal shield can he measured indirectly from the 
heat extracted from the screen, the heat load to the cold mass, and the heat extracted 
through the support posts. 
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10 Appendices 

10.1 Appendix 1: MathCad model for CTM3 
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lD radial model of the CTM 3 

(steady-state condition) 

1.9 K 

s - solid conduction 

c - convection to Helium 

m - heat transfer through MLI 

r- radialion 

g - conduction in residual gas 

r 

r 

A 

293 K 

g 

r 

remarks: G10 conductivity and cold toot geometry trom Matteo's model 

improved thermal netwerk 

degraded vacuum case included 
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I. lnitial conditions 

Gold Mass TV : = 1.9-K 

Cooling line E TL :=48·K 

Ambient- Vacuum Vessel TA :=293-K 

Cooling line C' TS :=7.8·K 

Insuiatien Vacuum Pressure measured at Ambient Temperature PA :=6.410- 2-Pa 

11. Geometry 

1. Vacuum vessel (stainless steel) 

outer diameter 

thickness 

inner surface area Svv :=1t·(dvv- 2·thvv)·L 

diameter of "cylinder" for radiation consideration 

surface area of "cylinder" 

2 
Sw_l =0.075•m 

2. Thermalshield 

a) lower tray (ISO Al 99.0 equivalent to AA 11 00) 

E line tube inner diameter 

Helium mass flow rate 

inner surface area 

cross-section area 

mE:=0.410- 3-~ 
sec 

SE:=1t·dE·L 

AE =· { ( d:r- ( dE~··r l 
b) upper shell (AI6060) dEh =0.039·m 

inner diameter 

thickness 

78 

L :=lO·m 

dvv : = 96(} mrr 

thvv := 12-mrr 

Sw = 29.405 ·m
2 

dvv_l :=36(}mrr 

dE :=8(}mrr 

dEint :=7(}mrr 

dts :=78(}mrr 

thts := 2.5·mm 



outer surface area Sts :=2480mmL 

inner surface area Stsl :=2464mmL 

3. Radiation screen 

a) lower tray (AI6060) 

C line tube inner diameter 

Thickness 

He mass flow rate 

inner surface area 

cross-sectien area 

b) upper shell (AI6060) 

inner diameter 

thickness 

outer surface area 

inner surface area 

SC :=1t ·dC.L 

Srs := 1940mmL 

Srsl := 1915mmL 

d) studs (carbon-carbon composite) 

length (between RS and CM) 

diameter 

cross-sectien area (
dst)

2 

Ast :=1t· 2 

number of studs per 1 m of CTM3 

4. Cold mass (external surface stainless steel) 

diameter 

surface area Scm :=1t ·dcm·L 

79 

Stsl =24.64·m
2 

dC := 15·mrr 

thrsl : = 4·mrr 

mC:=O.l·l0- 3-~ 
sec 

drs := 580mrr 

thrsu : = 2.5 · mm 

Srsl = 19.15•m
2 

lst :=4·mm 

dst :=S·mm 

Ast = 1.963 ·10 -s • m
2 

4.2 
Nst :=-

m 

dcm := 580mrr 

Scm = 18.221·m
2 



5. Support post 

a) column (glass-fiber/epoxy) 

total length 

thickness 

outer diameter 

inner diameter dcol_2 :=dcol_l- 2·thcol 

cross-sectien area Acol =• { ( dco;_l )' _ ( dc~_2 )'] 

1 0 := 15·mrr 

1 1 :=66-mrr 

1 2:=71·mrr 

1 3 :=43·mrr 

1 4 := 15·mrr 

outer surface area 

inner surface area 

Sco1_1 := 1_1·1t ·dco1_1 

Sco1_2 := l_l·Jt ·dco1_2 

inner diameter of lower flange 

outer diameter of upper flange 

Suf:=~{ ( dcoU + duf- :"U )'- dcol_ 2
2

] 

b) heat intercept plates (Al 6082) 

thickness of screen 

diameter of screen 

surface area of screen (
dcol 2)

2 

Sscr:=Jt· 2 

c) screen support (stainless steel) 

80 

lcol :=210mrr 

thcol :=4·mm 

dco1_1 := 240mm 

dcol 2 = 0.232 • m 

Acol = 0.003 • m
2 

Scol 1 =0.05•m
2 

Scol 2 = 0.048 •m2 

dlf:= 180mrr 

duf : = 288-mrr 

Suf =0.012 ·m
2 

thscr := O.l·mm 

dscr := 151·mm 



thermal length of half platform 

width of platform 

height of platform 

hpl := 10·rnm 

cross-sectien area of platform 

diameter of platform 

surface area of platform 

Apl : = wpl· hpl 

Spl =·{ (d;T- (de~_!)'] 

d) thermalization to RS and TS (aluminium straps Al 99.0) 

thermal length of strap 

width of strap 

height of strap 

cross-sectien area of strap 

111. Materials' properties 

1. Aluminium 

emissivities 

TAl:=(~ )·K 
300 

EAl(T) := linterp(TAl,EAl, T) 

Athe :=wthe·hthe 

(

0.06) 
EAI := 0.1 

0.2 

(

0.07) 
EAlbrut : = 0.12 

0.25 

81 

lpl := 80.mrr 

wpl :=300·mm 

-3 2 
Apl =3·10 •rn 

dpl :=272·mm 

2 Spl =0.013 •m 

lthe := 179-mrr 

wthe := 200.mrr 

hthe := 3·mrr 

Athe =6·10 - 4 •m2 



4 

6 

8 

10 

15 

20 

25 

30 

35 

40 

50 

60 
TempAl := ·K 

70 

76 

80 

90 

100 

120 

140 

160 

180 

200 

250 

300 

tAlbrut(T) := linterp(TAl, EAlbrut, T) 

(

0.04) 
BAlpoli : = 0.08 

0.15 

tAlpoli(T) := linterp(TAl, EAlpoli, T) 

kAI(T) :=linterp(TempAl,Al, T) 

2. Carbon-carbon (spacers) 

0 

10 
Tsp := ·K 

20 

40 

54 
84 
120 
145 
220 
275 
320 
350 
375 
380 
375 
340 .~ AI'-.-
310 ~m 
290 
280 
260 
240 
230 
220 
220 
220 
220 
220 
22 

0.0 

0.1 -3 
Qsp := ·10 ·watt 

0.6 

9 

heat transfer through 1 spaeer - measured value 

Ql :=pspline(Tsp ,Qsp) 

T :=O·K .. 40.K 
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Qspac(T) := interp(Ql, Tsp, Qsp, T) 

0.01 ....-----------. 

0.0075 

Qspa<{ T) 0.005 

0.0025 

10 20 30 40 

T 

3. Helium Y : = READPRl'{ HE _1 bar25) 

both lines C' and E 

Temp :=lf1> ·K 

pHe : =lf2>. kg 
m3 

f1<3> J.IHe :=11 ·Pa·sec 

kHe : =lf4>. watt 
mK 

H 
,_f1<5> joule 

cp e .-11 ·--
kg·K 

density 

pHe(T) := Iinterp(IB.III. T) 

viscosity 

J.IHe(T) := linterp(IB.II. T) 

conductivity 

kHe(T) := linterp(l!lll,l!ll, T) 

specific heat 

cpHe( T) : = linterp(IJII,a, T) 

4 1.0 

20 0.6 
Tempa := ·K a ·-.-

80 0.4 

300 0.3 

alpha(SX, SY, TX, TY) := ITX)·a(TY) 

[ a(TY) + a(TX)·(l- a(TY))· ~~] 

a(T) :=Iinterp(Tempa,a,T) 
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alp ha( SX, SY, TX, TY) : = 1 

4. G/ass fiber/epoxy 

EG10:=0.8 

r : 

.03 

.06 

.08 

4 0.095 

6 0.115 

10 0.125 

15 0.135 

20 0.145 

25 0.155 

30 0.165 

35 0.175 

40 0.185 

TempG:= 50 ·K kGlO:= 0.2 
watt 
·-
K·m 

60 0.225 

70 0.25 

80 0.272 

90 0.295 

100 0.320 

120 0.36 

140 0.4 

160 0.440 

180 0.470 

200 0.490 

250 0.535 

300 0.560 

vg :=pspline(TempG,kGlO) 

kG1((T) :=interp(vg, TempG,kGlO, T) 

5. Stainless steel 
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4 0.24 

6 0.39 

8 0.57 

10 0.77 

15 1.32 

20 1.95 

25 2.6 

30 3.3 

35 4.0 

40 4.7 

50 5.8 

TempSt := 60 ·K kSt:= 6.8 
watt 

K-m 
70 7.6 

80 8.3 
I 

90 9.0 

100 9.5 

120 10.3 

140 11.0 

160 12.0 

180 12.3 

200 13.0 

250 14.0 

300 15.0 

kSt(T) := linterp(TempSt, kSt, T) 

TempSt := ( ~ )·K 
300 

eSt=(~) 
ESt(T) :=linterp(TempSt,eSt, T) 

6. MLI 

emissivity 

TMyl := ( ~ )·K 
300 

(

0.02) 
EMyl := 0.04 

0.08 
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TMyl := ( 5: )·K 
(

0.06) 
EMyl := 0.15 

300 

&Myl(T) :=linterp(TMyl,EMyl, T) 

4.2-80 K 

3.2·10- 5 

3.7·10- 4 

1.3·10
3 

pres10 := 
1.2·10-2 

3.5-10-2 

5.(} 10-2 

p := 10- 6-Pa, 10- 5·Pa .. 10-2·Pa 

·Pa 

hfl O_rs(p) := linterp(pres10, hflux1 0, p) 

-3 
hflO_rs (O·Pa} =0.052·kg·sec 

77-293 K 

1.3·1 0- 5 

1.3·1 0- 4 

pres30 := 1.3·1 o- 3 

1.3-10-2 

1.3·10-l 

·Pa 

hf30 _ ts( p) :=Jin terp( pres30, hflux30, p) 

-3 
hf30_ts ( O·Pa) = 1.194•kg•sec 

watt 
a:=0·--

2 K2 m· 

b :=O· watt 
m2·K2 

Given 

0.3 

53.5 

64.2 

71.4 -3 watt 
hflux10:= ·10 ·-

214 2 m 
464 

653 

1.2 

1.25 

hflux30:= 1.36 ·watt 
2 

1.7 m 

2.75 

hflO_rs(O·Pa)=~·[(80.K)2 - ( 4.2·K)2] + b ·[(80.K)4
- (4.2·K)4

] 

10 (10.K2) 

hf30_ts(O·Pa)=~·[(293-K)2 - (77-K)2] + b -[(293-K)4
- (77·K)4

] 

~ Go-~) 
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(:) :=find(a,b) 

blO:=..!:_ 
10 

alO:=~ 
10 

b30 :=..!:_ 
30 

a30 :=~ 
30 

IV. Equations 

1. Forced convection 

m 
v(m,A,p,T) :=--

line E 

line C' 

A·p(T) 

Prandtl number 

Reynolds number 

d 
Re(p,v,d,~,T) :=p(T)·v·--

~t(T) 

Nusselt number 

conveetien heat transfer coefficient 

ReE:= Re!li,IJ, dEh,IJ, TL) 

laminar flow 

NuE=3.7 

hE :=h(NuE,IIJI, TL, dE) 

PrC := P •••• IIJI, TS) 

ReC := R •••• dc,IJ, TS) 

turbulent flow 

NuC :=Nu(Dit,IIJ) 
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vE :=v(mE,AE, , lL} 

vC :=v(mC,Ac,II,Ts) 

Pr(~t,cp,k, T) :=~t(T)· cp(T) 
k(T) 

Nu(Re,Pr) :=0.023Re0
·
8·Pr0.4 

h(Nu,k,T,d) :=Nu·k(T) 
d 



hC :=h •• IIJI,TS,dC) 

Qc(S,h, Tl, TI):= S·h·(T2- Tl) 

2. Heat transfer through MLI 

Qm_ts(S, Tl, TI) :=S·[[hf30_ts(PA)- hf30_ts(O·Pa)+ a30]·(TI2 _ TI2) + b30.(TI4 _ TI4)] 

(293-K)
2

- (77·K/ K
2 

Qm_rs(S, Tl, TI) := S·[[hflO rs(PA)- hflO_rs(O·Pa) +alO]· (TI2 _ n2) +blO_ ( TI4 _ TI4)] 

( 8(} K)2- ( 4.2· K)2 K2 

2·TA 
Pmeas(Tl, TI) :=Pc(Tl, TI)·---

Tl+TI 

3. Solid conduction 

Qs(S,k,l,Tl,TI) :=~·JTI k(T) dT 
In 

4. Radiation 

Qr(E, Tl, TI) := E(Tl, TI)·a· ( T24- TI4) 

Ers_cm(Tl, TI):= eSt(Tl)·eAl(TI) ·Scm 
Scm 

eAl(T2) + (1- eAl(T2))·-·eSt(Tl) 
Srsl 

Fbot int :=0.63 

Ebot int(Tl 'TI) := ( 1- eAl(TI) + 1 + _:1_-_:e'--M-=-y~l(o....::T...::..l )~)-1 
- eAl(T2)·Sscr Sscr·Fbot_int eMyl(Tl)·Sscr 

Fbot C := 1- Fbot int - -

Ebot C(Tl TI) := ( 1- eAl(T2) + 1 + 1- eMyl(Tl) )-
1 

- ' eA1(TI)·Sscr Sscr·Fbot_C eMyl(Tl)·Scol_2 

FC_int :=Fbot_C 

EC int(Tl, TI):= ( 1- eMyl(T2) + 1 + 1- eMyl(Tl) )-
1 

- eMyl(T2)·Sscr Sscr·FC_int eMyl(Tl)·Scol_2 

Fvv C :=0.3~ 

Evv C(Tl,TI):= 1-eAl(T2) + 1 + 1-eMyl(Tl) 
( )

-1 

- eAl(TI)·Svv_l Svv_l·Fvv_C eMyl(Tl)·Scol_l 

88 



Evv_J(Tl, T2) :- EMyl(Tl)·ESt(T2) ·Sts 
Sts 

ESt(T2) + ( 1- ESt(T2))·-·EMyl(Tl) 
Svv 

Ets_P(Tl, T2) := EMyl(Tl)·EAl(T2) ·Srs 
Srs 

EAl(T2) + ( 1- EAl(T2))·-·EMyl(Tl) 
Stsl 

5. Residua/gas conduction (Helium) 

Qg(Sl, S2, Tl, T2) := (36.3782 m )·~2·alpha(Sl,S2, Tl, T2)· Pc( TI' T2) ·(T2- Tl) 

seo·-fK JTI: T2 

6. Guessed temperafure values 

TK :=TL+2·K 

TI :=TK+ 2·K 

TH :=TI+2·K 

TG:=TH+ l·K 

TJ :=TA- 5·K 

TR:=TS+ l·K 

TO :=TR+ l·K 

TN :=TO+ l·K 

TM :=TN+ l·K 

TP :=TK- lO.K 

TT :=TV+4·K 

TD :=TL+ l2·K 

TE :=TD- l·K 

TF :=TE- l·K 

TC :=TA- 8Q.K 

TB :=TA- 2·K 

V. Set of energy balance eguations applied toeach temperature level 

1. Calculation precision control 

TOL :=0.001 

the lower TOL value, the bigger precision 

2. System of equations 

Given 
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1 ) bottorn flange QsAB = QsBC 

Qs(Slf,kG1Q 1_0, TB, TA)=Qs( Acol,kGlQ 
1
;

1
, TC, TB) 

2) column point C QsBC + QrAC = QsCG + QrCD 

Q{AcolkGldz!,T~, + Q(Ebot_,T~TA) + Q(Evv_Çf~TA)= 

Q{AcolkGldz!, TGT~ + Q(EC_iqTQTQ 

3) intercept plate QrAD + QrCD = QsDE 

Qr(Ebot_int, TD, TA)+ Qr(EC_int, TD, TC)=Qs(2·1t ·thscr ,kAl,ln(2), TE, TD) 

4) screen point E QsDE = QsEF 

( (
dcol 2) ) Qs(2·1t·thscr,kAl,ln(2),TE,TD)=Qs 2·1t·hpl,kSt,ln dsc; ,TF,TE 

5) screen point F QsEF = QsFG 

( (
dcol 2) ) ( thcol ) Qs 2·1t·hpl,kSt,ln dsc; ,TF,TE •Qs 2·dcol_2·hpl,kG1Q-

2
-,TG,TF 

6) column point G QsCG + QsFG = QsGH + QsGM 

Q{Aco\kG ldzl, TGT~ + Q~dcol_:hp\kG!p'h;o~TGT'= 
Q{:McoLihp\kGlp'h;o~TiiT~ + Q(Aco\kG HU~ TQ 

7) platform I thermalization point H QsGH = 2*QsHI 

Qs( 2·dcol_1·hpl,kG1Q th~ol, TH, TG)=2·Qs(Apl, kAl, lpl, TI, TH) 

8) platform I thermalization point I QsHI = QsiK 

Qs( Apl, kAl, lpl, Tl, TH)•Qs( Athe, kAl, lthe, TK, TI) 

9) thermal shield MLI outer surface QrAJ + QgAJ = QmJK 

Qr(Evv_J, TJ, TA)+ Qg(Sts,Svv, TJ, TA)=Qm_ts(Sts, TK, TJ) 

10) thermalshield QmJK + 4*QsiK = QcKL + QrKP + QgKP 

Qm_ts(Sts, TK, TJ) + 4·Qs(Athe ,kAl, lthe, TK, TI)=Qc(SE,hE, TL, TK) + Qr(Ets_P, TP, TK) + Qg(Srs,Sts1, TP, TK 

11) column point M QsGM = QsMN + QsMT 

Qs( Acol, kG 1 Q 1_2, TM, TG)=Qs ( 2·dcol_1· hp1, kG 1 Q th~ol, TN, TM) + Qs( Acol, kG 1 Q 1_3, TT, TM) 

12) platform I thermalization point N QsMN = 2*QsNO 

Qs( 2·dcol_1·hpl,kG1Q th~ol, TN, TM )=2·Qs(Apl,kAl,lpl, TO, TN) 

13) platform I thermalization point 0 QsNO = QsOR 
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Qs(Apl,kAl,lpl, TO, TN)=Qs(Athe ,kAl, lthe, TR, TO) 

14) radiation screen MLI outer surface QrKP + QgKP = QmPR 

Qr(Ets_P, TP, TK) + Qg(Srs,Sts1, TP, TK)=Qm_rs(Srs, TR, TP) 

15) radiation screen QmPR + 4*QsOR = QcRS + QsRV + QrRV + QgRV 

Qm_rs ( Srs, TR, TP) + 4·Qs(Athe , kAl ,lthe, TR, TO) = 
Qc(SC ,hC, TS, TR) + L·Nst·Qspac (TR- TV)+ Qr(Ers_cm, TV, TR) + Qg(Scm ,Srs1, TV,TR) 

16) top flange QsMT= QsTV 

Qs(Acol,kGH\1_3, TT, TM)=Qs(Suf,kGlQl_ 4, TV, TT) 

Vl. Solution 

1B 
TC 
1D 
1E 
1F 
TG 
rn 

~ :=Fin ('IB, TCTQ1E, lF, TGTiiU 1J, 1K, TM; TNTQ1P, TI\ TI) 

1K 
1M 
'IN 
TO 
1P 
1R 
TI 

1B =291•K 

TC ... z13•K 

1D ·60·K 

1E ·59•K 

1F =58•K 

1G =55·K 

1H =54•K 

TI =52·K 

Bottom Flange 

Column Point C 

lntercept Plate 

Qvv_bot := Qs{Sif ,kG10,1_0, 1B, TA) 

Qvv_ts :=Qm_ts(Sts, TK, TJ) 

Qvv_C :=Qr(Evv_C, TC, TA) 

PointE 

Point F 

Qbot_C :=Qs( Acol,kGlQ 
121

, TC, TB)+ Qr(Ebot_C, TC, TA) 

Qbot_int :=Qr(Ebot_int, TD, TA) 

Column Point G QC_G:=Qs(Acol,kG1Q 
121 

,TG, TC) 

Thermalisation Point H QC_int := Qr(EC_int, TD, TC) 

Thermalisation Point I . ( thco1 ) Qmt G:=Qs 2·dcol 1·hp1,kGlQ--,TG,TF - - 2 
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1J =288·K TS MLI outer surface 

1K =50·K Thermal Shield 

1M =11.8·K Column Point M 

1N =10.8•K Thermalization Point N 

TO -9.8•K Thermalization Point 0 

1P =40·K RS MLI outer surface 

1R =8.8·K Radiation Screen 

TI =5.9·K Top Flange 

Qg_cm :=Qg(Scm,Srsl, TV, TR) 

Qspac_cm :=Qspac(TR- TV)·L·Nst 

Qg_ts :=Qg(Sts,Svv, TJ, TA) 

Qr_cm :=Qr(Ers_cm, TV, TR) 

Qg_rs :=Qg(Srs,Stsl, TP, TK) 

Qrs_cm := Qg_cm + Qspac_cm + Qr_cm 

Qcm :=Qrs_cm+ 2·Qtop_cm 

VIl. Results 

1. Temperatures 

Thermal Shield 

Radiation Screen 

Cold Mass 

2. Heat /oads 

total heat lead to line E 

total heat lead to line C' 

total heat inleak to 1 Om CTM3 Cold Mass 

Qtop_cm =0.3-

Qsup _ ts : = 2· Qs( Athe , kAl, lthe, TK, Tl) 

Qts_E :=Qc(SE,IJII,TL,TK) 

Qts_rs :=Qm_rs(Srs,TR,TP) 

QG_M :=Qs(Acol,kG1Ql_2, TM, TG) 

Qsup_rs := 2·Qs(Athe, kAl, lthe, TR, TO) 

Qrs_C :=Qc(SC,II, TS, TR) 

Qtop _cm : = Qs( Suf, kGl Q 1_ 4, TV, TT) 

Pc(1V, lR} =8.648 •10-3 •Pa 

1K =50·K 

1R =8.8·K 

1V =1.9·K 

Pmeas (1V, lR) =0.474 ·Pa 

lal= ·watt 

tfal= ·watt 

Qcm- •watt 

Qvv _bot = 0.886 •watt 

Qvv _ ts = 52.055 •watt 

Qg_ ts = 19.998 •watt 

Qvv _ C = 1.956 ·watt 

solid conduction from W to bottorn flange 

conduction through MLI from W to TS 

residual gas conduction from W to TS 

radiation from W to column point C 
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Qbot_C =5.091·wan 

c 
Qbot_ int = 1.592 •wan 

QC_G =5.391 ·wan 

QC _int = 0.467 •wan 

Qint_ G = 1.551 ·wan 

Qsup_ts =4.981 ·wan 

Qts_rs =3.778 ·wan 

Qg_rs =33.514 ·wan 

QG _ M = 0.308 •wan 

Qsup_rs =0.913 •wan 

Qtop _cm = 0.303 •wan 

Qg_ cm = 17.972 ·wan 

Qspac _cm = 0.003 •wan 

Qr _cm = 0.0003 ·wan 

Qrs_cm = 17.976 ·wan 

toCM 

radiation + solid conduction from bottorn flange to column point 

radiation from bottorn flange to screen 

solid conduction from column point C to point G 

radiation from column point C to screen 

solid conduction from screen to column point G 

solid conduction from cold foot to TS 

conduction through MLI from TS to RS 

residual gas conduction from TS toRS 

solid conduction from column point G to column point M 

solid conduction from cold foot to RS 

solid conduction from top flange to CM 

residual gas conduction from RS to CM 

conduction through spacers from RS to CM 

radiation from RS to CM 

radiation + solid conduction + residual gas conduction from RS 
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10.2 Appendix 2: Pull results ofCTM3-run 1 and CTM3-run 2 

10.2.1 CTM3- run 1 

Te= Inlet temperature of line E [K] 
Tf = Oudet temperature of line E [K] 
Tc = Inlet temperature of line C [K] 
T d = Oudet temperature of line C [K] 
Temt = 'inlee temperature cold mass [K] 
Tcm2 = 'oudet' temperature cold mass [K] 

Fe= Helium mass flow in line E [g/s] 
Fe = Helium mass flow in line C [g/ s] 
Fcm = Helium mass flow in cold mass [g/ s] 

Tts = Temperature of thermalshield [K] 
Trs = Temperature of radiation screen[K] 

Qe = Heat extracted from thermal shield [watt] 
Qc = Heat extracted from radiation screen [watt] 
Qcm = Heat load to the cold mass [watt] 
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date Phe (mba' Te Tf 
warm(P5) 

cold(P2) cold (P4) 
colder (P3 

22-5-98 7,50E-O~I 54 75 

2,70E-08 54,65 75,4 
,299,2 407,1 

end boxes contributi~~ 
cold feet contribution 
NETVALUES= 

19-3-98 1.13E-O~I 43 64 

7,06E-06 8,82E-06 43,4 64,2 
1,63E-05 240,7 348,8 

end boxes contribution 
cold feet contribution-Ï 
NETVALUES= 

24-3-98 1,13E-O~t 43 63 
7,06E-06 8,82E-06 43,40 63,00 

1,63E-05 ##### 342,60 
end boxes contribution 
cold feet contribution!. 
NETVALUES= 

25-3-98 1.13E-O~I 43 62 

7,06E-06 8,82E-06 43,4 62,92 
1,63E-05 240,7 342,2 

end boxes contribution 
cold teel contribution.l 
NETVALUES= 

26-1-00 1,13E-011 43 63 
7,06E-06 8,82E-06 43,4 63,46 

1,63E-05 240,7 345 
end boxes contribution 
cold feet contribution.l 
NETVALUES= 

27-3-89 1.13E-O~I 43 63 
7,06E-06 8,82E-06 43,4 63,5 

1,63E-05 240,7 345,2 
end boxes contribution 
cold feet contributionl 
NETVALUES= 

31-3-98 1.13E-O~I 43 64 

7,06E-06 8,82E-06 43,4 64,04 
1,63E-05 240,7 348 

end boxes contribution 
cold feet contributionl. 
NETVALUES= 

1-4-98 1.13E-O~I. 43 
64 

7 ,06E-06 8,82E-06 43,4 64,15 
1,63E-05 240,7 348,6 

end boxes contribution 
cold feet contributionl. 
NETVALUES= 

24-4-98 1.13E-O~I • 54 74 

7,06E-06 8,82E-06 54 74,02 
1,63E-05 295,8 399,9 

end boxes contributi~r 
cold teel contribution 
NETVALUES= 

25-4-98 1.13E-O~I • 54 
74 

7,06E-06 8,82E-06 54 74,84 
1,63E-05 295,8 404,2 

end boxes contribution 
cold feet contribution_l_ 
NETVALUES= 

26-4-98 1. 13E-O~I 54 75 

7 ,06E-06 8,82E-06 54,4 75,05 
1,63E-05 297,9 405,3 

end boxes contributi~r 
cold feet contribution 
NETVALUES= 

8-5-98 2.50E:I ss 75 

4,82E-04 5,88E-04 55,9 75,6 
5, 75E-04 305,7 408,1 

end boxes contribution 
cold feet contributionT 
NETVALUES= 

Tc Td 

5 10 

5,47 10,94 
39,71 70,596 

6 10 

6,2 10,4 
44,22 67,68 

10 13 

10,10 13,40 
66,06 83,76 

11 14 

11,3 14,78 
72,53 91,084 

13 16 

13,57 16,61 
84,66 100,75 

17 19 

17,01 19,4 
102,9 115,42 

19 21 

19,6 21,6 
116,5 126,98 

25 27 

25,41 27,13 
146,9 155,89 

5 9 
5,24 9,964 

38,25 65,323 

13 18 

13,6 18,03 
84,82 108,26 

19 22 

19,2 22,983 
114,4 134,21 

5 16 

5,51 16,31 
39,96 99,171 

CTM3- run 1 

Tcm,1 Tcm,2 Fe Fd Fcm Tts Of Trs Qe Tem Qcm PD+PCM P TOT 

0,4 0,1 43,16 3,09 0,44 3,53 46,69 

0,39 3,14 46,30 
14,93 1,09 0,13 

67,75 28,23 8,7 2,00 1,75 0,00 2,00 30,23 

0,4 0,1 57,4 43,26 2,35 0,82 3,17 46,43 

0,39 2,78 46,04 
15,27 0,88 0,13 

57,4 27,99 9 1,46 1,6 0,30 1,77 29,76 

0,40 0,10 56,40 40,77 1,77 1,05 2,82 43,59 

0,39 2,43 43,20 
15,33 0,80 0,17 

56,40 25,44 11,60 0,97 1,66 0,50 1,47 26,91 

0,4 0,1 56,4 40,6 1,86 1,20 3,05 43,65 

0,39 2,66 43,26 
15,34 0,76 0,19 

56,4 25,26 13,13 1,09 1,68 0,62 1,71 26,97 

0,4 0,1 56,4 41,72 15 1,61 1,69 1,30 2,91 44,64 

0,39 2,52 44,25 
15,37 0,69 0,23 

56,4 26,35 15 0,92 1,685 0,68 1,60 27,95 

0,4 0,1 56,36 41,81 1,26 1,37 2,62 44,43 

0,39 2,23 44,04 
15,39 0,64 0,26 

56,4 26,42 17,8 0,62 1,91 0,71 1,33 27,75 

0,4 0,1 56,8 42,93 1,05 1,55 2,60 45,54 

0,39 2,21 45,15 
15,41 0,57 0,31 

56,8 27,52 20,3 0,48 1,67 0,86 1,33 28,86 

0,4 0,1 56,88 43,16 0,90 1,95 2,85 46,01 

0,39 2,46 45,62 
15,47 0,41 0,41 

56,9 27,69 25,86 0,49 1,95 1,15 1,64 29,33 

0,4 0,1 66,96 41,64 2,71 0,80 3,50 45,15 

0,39 3,11 44,76 
14,95 1,09 0,12 

67,0 26,69 7,77 1,62 1,7 0,29 1,91 28,60 

0,4 0,1 67,19 43,35 2,34 1,03 3,37 46,72 

0,39 2,98 46,33 
14,99 0,89 0,24 

67,2 28,36 15,98 1,45 2,05 0,40 1,85 30,21 

0,4 0,1 67,44 42,95 1,99 0,95 2,93 45,88 

0,39 2,54 45,49 
15,07 0,75 0,33 

67,4 27,88 21,03 1,23 1,879 0,23 1,46 29,34 

6 9 

6,48 9,67 0,4 0,1 0,09 40,98 5,92 1,52 7,44 48,42 
45,853 63,718 

0,42 7,02 47,99 
14,95 1,08 0,11 

68,2 26,03 12 4,85 8 0,98 5,83 31,86 



date Phe (mbSI Te Tf 
warm (PS) 

cold(P2) cold (P4) 
colder (P3) 

10-5-98 2,56E-011 54 75 
5,88E-04 7 ,65E-04 54,81 75,7 

8,75E-04 300 408,6 
end boxes conllibuti~r 
cold teel con!Jibution 
NETVALUESa 

12-5-98 4,25E-011 56 76 
8,24E-04 7,65E-04 56,2 76,2 

2,88E-03 307,2 411,2 
end boxes conllibution 
cold teel contribution-i. 
NETVALUES= 

10-5-94 s.BBE:I 55 n 
1 ,OOE-03 1 ,35E-03 55,9 77,38 

1,75E-03 305,7 417,4 
end boxes conllibuti:'f 
cold teel conllibution 
NETVALUES= 

6-5-98 1 ,OOE-0:1 56 79 
1,71E-03 2,59E-03 56,6 79,14 

2,75E-03 309,3 426,5 
end boxes con!Jibuti~r 
cold teel contribution 
NETVALUEs-

Tc Td 

5 13 

5,07 13,59 
37,18 84,769 

5 10 

5,02 10,52 
36,87 68,328 

5 10 

5,07 10,5 
37,18 68,22 

5 18 

5,17 18,17 
37,81 108,98 

CTM3- run 1 

Tem, 1 Tcm,2 Fe Fd Fcm Tts Of Trs Qe Tem Qcm PD+PCM P TOT 

4 8 

4,977 8,027 0,4 0,1 0,22 43,45 10,6 4,76 3,96 8,72 52,17 
36,7 54,689 

0,43 8,29 51,74 
14,95 1,08 0,11 

68 28,5 11 3,68 6,5 3,42 7,10 35,60 

4 4 

4,457 4,916 0,4 0,1 0,52 41,6 3,15 1,71 4,86 46,46 
32,8 36,12 

0,45 4,41 46,01 
14,89 1,14 0,10 

69,11 26,71 8,62 2,01 4,7 1,16 3,17 29,88 

4 6 
4,621 6,546 0,4 0,1 0,53 44,68 3,10 6,33 9,43 54,11 

34,186 46,239 
0,47 8,96 53,64 

14,9 1,14 O,Q7 
68,95 29,78 9,09 1,97 5,6 5,79 7,76 37,54 

8 13 

8,64 13,47 0,4 0,1 0,24 71,1 46,88 18,5 7,12 6,25 13,37 60,25 
58,073 84,13 

0,52 12,85 59,73 
14,91 1,02 0,16 

71,1 31,98 18,5 6,10 11 5,57 11,67 43,64 



10.2.2 CTM3-run2 

97 



M4 

M6 

M7·D 

MB 

M9-d 

M10 

M11-d 

M14 

M15-d 

M16 

cold(P2) Phe (mbar) Te 
warm(p5) 

cold(P2) cold (P4) 
colder(P3) 

31-3-99 35 

35,50 

Tf 

63 
63,10 

199,60 343,22 
beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUES= 

1-4-99 1,20E-05 35 63 
35,5 63,1 

199,6 343,2 
beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUES= 

1-4-99 1,30E-05 40 63 
40,2 63,2 

224,04 343,7 
beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUES= 

27-4-99 1,20E-05 35 62 

5,90E-06 5,70E-06 35,5 62,9 
1,30E-05 2,10E-05 199,6 342,2 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUES= 

27-4-99 1,20E-05 35 63 
6,50E-06 1,30E-05 35,6 63 
1,30E-05 2,30E-05 200,12 342,7 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUES=o 

28-4-99 2,30E-05 35 63 
8,40E-06 9,30E-06 35,4 63,2 
1,90E-05 2,70E-05 199,08 343,7 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUES= 

28-4-99 2,30E-06 35 63 

35,8 63,2 
201,16 343,7 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUESa 

10-5-99 1,10E-05 35 63 
4,50E-06 3,90E+06 35,5 63,2 
7,60E-06 1,10E-05 199,6 343,7 

beamscreens 
end boxes contribution 
cold feet contrlbution 
NETVALUES= 

10-5-99 1,10E-05 39 63 
4,50E-06 3,90E-06 39,8 63,2 
7,60E-06 1,10E-05 221,96 343,7 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUES= 

18-5-99 1,90E-05 35 62 

2,20E-05 2,00E-05 35,5 62,2 
5,00E-05 5,50E-05 199,6 338,5 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUESa 

Tc 

13 
13,00 
81,40 

12 

12,5 
78,72 

13 

13,3 
83 

4 

4,5 
22,31 

4 

4,5 
22,31 

4 

4,5 
22,31 

4 

4,5 
22,31 

8 

8,4 
56,31 

8 
8,9 

59,11 

8 
8,8 

58,55 

CTM3-run2 

Td Fe Fe Tts Oe Trs Oe Tem Ocm Oc+Qcm Otot 

20 
20,90 0,35 0,05 50,27 2,09 1,45 3,54 53,81 

123,18 

0,39 3,15 53,42 
15,40 0,60 0,29 

56,90 34,87 18,60 1,49 1,73 0,77 2,26 37,12 

21 
21 0,35 0,05 50,27 2,25 1,58 3,83 54,10 

123,7 

0,39 3,44 53,71 
15,4 0,62 0,29 

56,6 34,87 18,5 1,63 1,85 0,90 2,53 37,39 

21 

21 0,35 0,05 41,9 2,03 1,30 3,33 45,23 
123,7 

0,39 2,94 44,84 
15,4 0,62 0,29 

56,6 26,5 18,6 1,41 1,85 0,62 2,03 28,53 

10 

10,6 0,35 0,05 49,9 2,31 1,47 3,78 53,68 
68,444 

0,04 
0,39 3,39 53,29 

15,3 0,89 0,11 
56,4 34,6 8 1,42 1,84 0,93 2,34 36,95 

10 

10,7 0,35 0,05 49,9 2,33 1,20 3,53 53,44 
68,988 

0,04 
0,39 3,14 53,05 

15,3 0,89 0,11 
55,7 34,6 8,2 1,44 1,84 0,66 2,10 36,70 

10 

10,4 0,35 0,05 50,63 2,25 1,47 3,72 54,35 
67,356 

0,04 
0,39 3,33 53,96 

15,3 0,89 0,11 
54,3 35,33 8,1 1,36 1,84 0,93 2,29 37,62 

10 

10,7 0,35 0,05 49,9 2,33 1,22 3,55 53,46 
68,988 

0,04 
0,39 3,16 53,07 

15,3 0,89 0,11 
56,8 34,6 8,3 1,44 1,84 0,68 2,12 36,72 

16 

16,2 0,35 0,05 50,45 2,11 1,74 3,85 54,30 
98,436 

0,01 
0,39 3,46 53,91 

15,3 0,75 0,20 
56,2 35,15 13,5 1,36 1,87 1,14 2,50 37,64 

16 

16,2 0,35 0,05 42,62 10,6 1,97 1,30 3,27 45,89 
98,436 

0,01 
0,39 2,88 45,50 

15,3 0,75 0,20 
56,2 27,32 13,5 1,22 1,87 0, 0 1,92 29,24 

15 

15,3 0,35 0,05 48,63 1,76 2,31 4,07 52,69 
93,66 

0,39 3,67 52,30 
15,3 0,75 0,20 

53,8 33,33 13,7 1,01 1,88 1,72 2,73 36,06 



M17-d 

M18 

M19-d 

M20 

M21-d 

M22 

M23-d 

M24 

M25-d 

M26 

date Phe (mbar) Te 
warm (p5) 

cold(P2) cold (P4) 
colder (P3) 

18-5-99 1,90E-05 
2,20E-05 2,00E-05 
S.OOE-05 5,50E-05 

beamscreens 
end boxes contribution 
cold !eet contribution 
NETVALUES= 

19-5-99 2,80E-05 
3.60E-05 3,10E-05 
8,10E-05 8,90E-05 

beamscreens 
end boxes contribution 
cold !eet contribution 
NETVALUES= 

19-5-99 2,80E-05 
3,60E-05 3,10E-05 
8,10E-05 8,90E-05 

beamscreens 
end boxes contribution 
cold !eet contribution 
NETVALUES= 

20-5-99 3,50E·05 
5,50E-05 4,90E-05 
1,20E-04 1,10E-04 

beamscreens 
end boxes contribution 
cold !eet contribution 
NETVALUES= 

20·5-99 3,50E-05 
5,50E-05 4,90E-05 
1,20E-04 1,10E·04 

beamscreens 
end boxes contribution 
cold !eet contribution 
NETVALUES= 

27-5-99 3,20E-05 
2,10E-05 3,50E-05 
8,70E-05 8,20E-05 

beamscreens 
end boxes contribution 
cold !eet contribution 
NETVALUES• 

27-5-99 3,20E-05 
2,10E-05 3,50E-05 
8,70E-05 8,20E-05 

beamscreens 
end boxes contribution 
cold !eet contribution 
NETVALUES= 

28-5-99 3,90E-05 
3,10E-05 5,10E-05 
1,30E-04 1,20E-04 

beamscreens 
end boxes contribution 
cold !eet contribution 
NETVALUES= 

28-5-99 3,90E-05 
3,10E-05 5,10E-05 
1,30E-04 1,20E-04 

beamscreens 
end boxes contribution 
cold !eet contribution 
NETVALUES= 

2-6-99 4,50E-05 
3,80E-05 7,40E-05 
1,50E-04 1,50E-04 

beamscreens 
end boxes contribution 
cold !eet contribution 
NETVALUES= 

38 

38,8 
216,76 

35 

35 
197 

35 

35 
197 

35 

35 
197 

35 

35 
197 

35 

35 
197 

35 

35 
197 

36 
36,4 

204,28 

36 

36,4 
204,28 

35 

35,5 
199,6 

Tf Tc 

62 8 

62,2 8,8 
338,5 58,55 

63 8 

63,3 8,8 
344,3 58,55 

63 8 

63,3 8,8 
344,3 58,55 

63 8 

63,3 8,8 
344,3 58,55 

63 8 

63,3 8,8 
344,3 58,55 

64 8 

64,3 8,8 
349,5 58,55 

64 8 

64,3 8,8 
349,5 58,55 

67 8 

67 8,8 
363,5 58,55 

67 8 
67 8,8 

363,5 58,55 

66 8 

66,2 8,8 
359,3 58,55 

CTM3 • run2 

Td Fe Fe Tts Oe Trs Qc Tem Qcm Qc+Qcm Qtot 

15 

15,3 0,35 0,05 42,62 1,76 1,50 3,26 45,88 
93,66 

0,39 2,86 45,49 
15,3 0,75 0,20 

53,8 27,32 13,7 1,01 1,88 0,91 1,92 29,24 

15 

15,3 0,35 0,05 51,54 1,76 3,34 5,10 56,64 
93,66 

0,39 4,70 56,24 
15,3 0,77 0,19 

54,7 36,24 12,9 0,99 1,9 2,76 3,74 39,98 

15 

15,3 0,35 0,05 51,54 1,76 2,02 3,78 55,32 
93,66 

0,39 3,38 54,92 
15,3 0,77 0,20 

54,7 36,24 12,9 0,99 1,9 1,43 2,42 38,66 

14 

14,7 0,35 0,05 51,54 1,60 3,03 4,63 56,17 
90,471 

0,39 4,23 55,77 
15,3 0,77 0,19 

54,4 36,24 12,8 0,83 1,94 2,45 3,28 39,52 

14 

14,7 0,35 0,05 51,54 1,60 2,30 3,90 55,44 
90,471 

0,39 3,50 55,04 
15,3 0,77 0,19 

54,4 36,24 12,8 0,83 1,94 1,72 2,55 38,79 

16 

16,1 0,35 0,05 53,36 1,97 2,70 4,67 58,03 
97,903 

O,Q7 
0,39 4,27 57,64 

15,3 0,77 0,20 
55,4 38,06 13,9 1,20 1,94 2,04 3,24 41,30 

16 

16,1 0,35 0,05 53,36 1,97 1,97 3,94 57,30 
97,903 

0,07 
0,39 3,54 56,91 

15,3 0,77 0,20 
55,4 38,06 13,9 1,20 1,94 1,31 2,51 40,57 

15 

15,3 0,335 0,05 53,34 1,76 3,54 5,30 58,63 
93,66 

0,07 
0,39 4,90 58,24 

15,2 0,83 0,19 
57,9 38,14 13,2 0,93 1,9 2,88 3,81 41,95 

15 

15,3 0,335 0,05 53,34 1,76 2,20 3,96 57,29 
93,66 

0,07 
0,39 3,56 56,90 

15,2 0,83 0,19 
57,9 38,14 13,2 0,93 1,9 1,54 2,47 40,61 

14 

14,6 0,34 0,05 54,31 1,57 3,98 5,55 59,86 
89,938 

0,07 
0,40 5,15 59,47 

15,3 0,82 0,19 
57 39,01 12,9 0,75 1,95 3,33 4,08 43,09 



M27-d 

M28 

M29-d 

m30 

M31-d 

M32 

M33-d 

M34 

M35-d 

M36 

cold(P2) Phe (mbar) Te 
warm(p5) 

cold(P2) cold (P4) 
colder(P3) 

2-6-99 4,50E-05 35 
3,80E-05 7,40E-05 35,5 
1,50E-04 1,50E-04 199,6 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUESs 

3-6-99 4,50E-05 35 
3,80E-05 7,40E-05 35,5 
1,50E-04 1,50E-04 199,6 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUESs 

3-6-99 4,50E-05 35 
3,80E-05 7,40E-05 35,5 
1,50E-04 1,50E-04 199,6 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUESs 

8-6-99 8,10E-05 35 
8,40E-05 1,60E-04 35 
3,50E-04 3,10E-04 197 

beamscreens 
end boxes contribution 
cold teel contribution 
NETVALUES= 

8-6-99 8,10E-05 35 
8,40E-05 1,60E-04 35 
3,50E-04 3,10E-04 197 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUESs 

9-6-99 8,10E-05 35 
8,40E-05 1,60E-04 35,5 
3,50E-04 3,10E-04 199,6 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUESs 

9-6-99 8,10E-05 35 
8,40E-05 1,60E-04 35,5 
3,50E-04 3,10E-04 199,6 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUES= 

10-6-99 2,00E-04 35 
2,30E-04 4,70E-04 35,3 
9,20E-04 7,70E-04 198,56 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUESs 

10-6-99 2,00E-04 35 
2,30E-04 4,70E-04 35,3 
9,20E-04 7,70E-04 198,56 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUESs 

11-6-99 1,30E-04 35 
1,60E-04 3,00E-04 35,5 
6,20E-04 5,40E-05 199,6 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUESs 

Tl Tc 

66 8 
66,2 8,8 

359,3 58,55 

66 8 
66,2 8,8 

359,3 58,55 

66 8 
66,2 8,8 

359,3 58,55 

63 4 

63,6 4,5 
345,8 22,31 

63 4 

63,6 4,5 
345,8 22,31 

64 4 

64 4,5 
347,9 22,31 

64 4 

64 4,5 
347,9 22,31 

64 4 

64,2 4,5 
348,9 22,31 

64 4 
64,2 4,5 

348,9 22,31 

63 4 
63,9 4,5 

347,4 22,31 

CTM3- run2 

Td Fe Fe Tts Oe Trs Qc Tem Qcm Qc+Qcm Qtot 

14 

14,6 0,34 0,05 54,31 1,57 2,70 4,27 58,58 
89,938 

0,07 
0,40 3,87 58,19 

15,3 0,82 0,19 
57 39,01 12,9 0,75 1,95 2,05 2,80 41,81 

14 

14,2 0,335 0,05 53,51 1,46 3,89 5,35 58,87 
87,806 

0,07 
0,40 4,96 58,47 

15,3 0,83 0,18 
56,6 38,21 12,9 0,63 2 3,25 3,88 42,09 

14 

14,2 0,335 0,05 53,51 1,46 2,70 4,16 57,68 
87,806 

0,07 
0,40 3,77 57,28 

15,3 0,83 0,18 
56,6 38,21 12,9 0,63 2 2,06 2,69 40,90 

8 

8 0,35 0,1 52,09 3,18 4,23 7,41 59,49 
54,07 

0,09 
0,40 7,01 59,09 

15,3 0,92 0,10 
54,7 36,79 7,1 2,26 2 3,64 5,90 42,68 

8 
8 0,35 0,1 52,09 3,18 2,74 5,92 58,00 

54,07 
0,09 
0,40 5,52 57,60 

15,3 0,92 0,10 
54,7 36,79 7,1 2,26 2 2,15 4,41 41,19 

8 

8 0,348 0,1 51,61 3,18 4,23 7,41 59,01 
54,07 

0,11 
0,40 7,01 58,61 

15,3 0,93 0,10 
54,9 36,31 7,1 2,25 1,98 3,62 5,87 42,17 

8 

8 0,348 0,1 51,61 3,18 2,67 5,85 57,45 
54,07 

0,11 
0,40 5,45 57,05 

15,3 0,93 0,10 
54,9 36,31 7,1 2,25 1,98 2,06 4,31 40,61 

6 

6,1 0,345 0,1 51,88 2,06 7,09 9,15 61,03 
42,893 

0,11 
0,42 8,73 60,61 

15,2 0,96 0,08 
55,2 36,68 5,9 1,10 2,16 6,48 7,58 44,26 

6 

6,1 0,345 0,1 51,88 2,06 2,06 53,94 
42,893 

0,11 
0,42 1,64 53,52 

15,2 0,96 0,08 
55,2 36,68 5,9 1,10 2,16 .0,61 0,49 37,17 

6 
6,9 0,346 0,1 51,13 2,54 5,67 8,21 59,34 

47,717 
0,14 
0,41 7,80 58,94 

15,2 0,96 0,09 
55,2 35,93 6,4 1,58 2,2 5,04 6,62 42,55 



M37 

M38 

M39 

M40 

cold(P2) Phe (mbar) Te 
warm (p5) 

cold(P2) cold (P4) 
colder (P3l 

14-6-99 1,80E-04 35 
2,20E-04 4,20E-04 35,3 
8,30E-04 7,10E-04 198,56 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUES= 

15-6-99 3,20E-04 37 
3,40E-04 7,20E-04 37 
1,50E-03 1,20E-03 207,4 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUESs 

16-6-99 5,10E-04 37 
5,20E-04 1,10E-03 37 
3,70E-03 2,90E-03 207,4 

beamscreens 
end boxes contribuüon 
cold feet contribulion 
NETVALUESs 

17-6-99 6,40E-04 38 

6,20E-04 1,30E-03 38,5 
6,20E-03 4,60E-03 215,2 

beamscreens 
end boxes contribution 
cold feet contribution 
NETVALUES" 

Tl Tc Td 

64 4 6 
64 4,8 6,4 

347,9 30,29 44,702 

66 5 5 

66,2 5,2 5,65 
359,3 36,95 39,952 

67 7 5 
67,2 7 5,5 

364,5 48,32 38,95 

69 7 5 

69,2 7,6 5,6 
374,9 51,77 39,618 

CTM3- run2 

Fe Fe Tts Qe Trs Qc Tem Qcm Qc+Qcm Qtot 

0,349 0,1 52,12 1,44 7,00 8,44 60,56 

0,14 
0,41 8,03 60,15 

15,2 0,98 0,09 
57,1 36,92 5,9 0,46 2,1 6,36 6,82 43,74 

0,333 0,1 50,6 0,30 9,30 9,60 60,20 

0,12 
0,43 9,17 59,76 

15,2 1,01 0,09 
58,4 35,4 6 -D,71 2,2 8,66 7,95 43,35 

0,34 0,1 53,43 -0,94 12,00 11,06 64,49 

0,12 
0,46 10,60 64,03 

15,1 1,02 0,09 
60,3 38,33 6,2 -1,98 2,2 11,33 9,38 47,70 

0,32 0,1 51,12 -1,22 13,50 12,28 63,40 

0,12 
0,39 11,89 63,01 

15,1 1,04 0,09 
61 36,02 8,2 -2,26 2,3 12,90 10,64 46,66 


