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Abstract 

The aim of this thesis is to analyse the cryogenic process for cooling superconducting 
radio frequency accelerator test cavities in the LEP accelerator at CERN. A liquefaction 
cryoplant is analysed, including the production of liquid helium at 4.5 K, the systems 
for distribution and regulation of liquid helium, and the radio frequency field used for 
accelerating particles. After discussing regulation problems and modifications planned 
for a new cavity installation in 1992, different techniques for specifying the control 
programs for the new installation are evaluated. Various diagramming techniques, 
standards and methodologies, and Computer Aided Software Engineering-tools, are 
compared as to their practical usefulness in this kind of process control. Finally, in 
accordance with anticipated requirements, possible ways of making high and low level 
control program specifications are suggested. 





Contents 

Chapter 1. Introduction ............................. ... .......... .. .......... ............. ........ ................... 1 
1.1 Short overview of CERN ............... ..................................... .... .............. ....... 1 
1.2 Accelerators at CERN ........................................ .......................................... .. 1 
1.3 General design of the LEP accelerator ......... ... ............. .. .. .. ... .... ................. 2 
1.3.1 Magnets ..................... .. ........... .. ........... .. ......... .. ................................. .. ... ..... ..... 2 
1.3.2 Acceleration ...................... ...... ..................... .. ..... .. .... .. .................................... 2 
1.3.3 Collisions .... .... .. .. ..... ....... ...... .. .. ...... ...... ............ .. ....... ............ ... ........ ............... 3 
1.4 LEP 200 ..... .................................. ........ .. .. .................. .............. .................. ....... . 3 
1.4.1 Introduction ........................ ........ ......... .... ... .... .......... ........ ... .. ......................... 3 
1.4.2 Future d evelopments ............................... .. ................................ ...... ......... .. 3 
1.4.3 Airn of the present work .................. ............ ... ...... ..... .. ................. .. ........... . .S 

Chapter 2. The 6 kW/4.SK Sulzer helium cryoplant ... ... ......... ............ .. ........... ... 7 
2.1 General description ... .. ... ............... .. .............................. ..... ..... .. .............. ...... 7 
2.2 The cornpressor set. ........... ... ...... ... ... .. .. ... ....... .. .... .............. ......................... .. 7 
2.3 The Cold Box ................. ... ... ... .... .. .......... .... .. .. ... ... ..... ... ....................... .. .... ..... 9 
2.3.1 The heat exchangers .... ............. .. ... ............................. ............................ ... .. .. 11 
2.3.2 The turbines ....................... ............................................ ................ .. ............... 11 
2.3.3 Screen cooling .. .......... ....................... ....... .. ........ .. ...... .. .................................. 12 
2.3.4 The phase separator ............................ ................... ... ........... ......... .. .... .. .. ...... 12 
2.4 The control systern ..... ......... .................................. .. .. ..... ........ ....................... 12 

Chapter 3. The superconducting accelerator cavities in LEP ................. ....... ..... . 14 
3.1 Introduction .. .... .. ...... ........... .......................... ........ ... ........ .. ..... .. ...... ............ ... 14 
3.2 The radio frequency system ......... ... ............ ... .... ...... ... .. ................... ........ .... 15 
3.2.1 Acceleration ............ ........... ... .... .. ... ............. ... .... .. .. .. ................. ........ .. ......... ... 15 
3.2.2 Klystrons .... ................ ........... ....................... .. ........ ................................. ...... ... 15 
3.2.3 Tuning of the LEP ring accelerator ca vities . .................. .... .. .................... 16 
3.2.4 High order rnodes .. ........ ............ ....... .......... ... ... .. .. ........ .... .. ........................... 16 
3.2.S Quality factor rneasurernents ............................. ... ................................. .. ... 17 
3.3 The superconducting film .......... .... .. ....................................... ..... .. ......... .. .. 19 
3.4 Cooling ...................... .. ......... .. ..................................... ... .................................. 20 
3.5 Calculation of the heating due to the RF field ...... .. ...... .. ...... .. ... ... ...... .... 21 

Chapter 4. Experiences with th e first three superconducting test 

4.1 
4.2 

4.2.1 
4.2.2 
4.2.3 
4.2.4 
4.2.5 

cavity modules with circulating beam in LEP ........................................ . 23 
Introduction ................... .. .. .... ....... .... .. ........ .. .... ........ .... .... .. ...... ............ ...... .... 23 
The regulation of helium in the modules using control 
programs ...................................................................... .. ..... ........... .... ........ ...... 24 
Level rneasurements ......... ..................................... ... .. .... ..... .. .. .. ... ...... ... ....... 24 
Pressure rneasurements ................... ... ........... .. ............... ........................... .. 25 
Flow ................................. ... .................................. ....... ... ....... ....... .. .................. 25 
Heat load .. .......... .. .......... ... ... ............ .... .. .... .. .. ... ............... .. .. ........................ ... . 25 
Supply val ve CV841 ................................................ .......... .. .. ........................ 27 

I I 



4.2.6 
4.2.7 
4.2.8 
4.2.9 
4.2.10 

4.3 

4.3.1 
4.3.2 
4.3.3 
4.3.4 
4.3.5 
4.3.6 
4.4 
4.5 

4.5.1 
4.5.2 

Return valve CV812 ....................... ... ........ .. ................ ... .... .. .. .................... ... 27 
By-pass val ve CV802 .............................................. .. ....................... .............. 27 
Return gas flow ....................................... ..................... ............ ... ................... 28 
Heating ............................................... .. .. .. ............................ ............................ 29 
How to find the quality factor by measuring the cryogenic 
losses ................................................................................................................. 30 
Control system actions at various pressures and levels in 
each module .................................................................................................... 31 
Normal conditions ........ .......................................... ........ ................ .............. 31 
Safety position .......... ................................ ........................ ......................... ..... 31 
Low heating mode ............. .................................................. .......................... 31 
Emptying mode .... .. ................................... ... .................................................. 32 
Stop eon di tions ......................... .. .................................................................... 32 
The hard wired safety .................................... .. ............................................... 32 
Discussion of regulation problems due to high pressure ................. .. .. 32 
Discussion of modifications of the regulation system for the 
new installation of 1992 ...... .. ..................... .. ........ ................................... ...... 34 
Regulation in mode one .............................................................................. 34 
Regulation in mode two .................................................. ............................ 35 

Chapter 5. Evaluation of techniques for development and 

5.1 
5.2 
5.2.1 
5.2.2 
5.2.3 
5.2.4 
5.2.5 
5.2.6 
5.3 
5.3.1 
5.3.2 
5.3.3 
5.4 

specification of control programs ....... ............................................... ........ 39 
Introduction ........................... .. ... ......................................... ...... .. ... ................ 39 
Diagramming techniques ......... ..................................... .. .... .................. .. .... 40 
Loop diagrams ................................ ...................... .................. .......... .............. 40 
Flow charts ........ .. .. ~ ....... ........ ........ .............................. .......... .. ..................... ... 41 
Logi gram diagrams ........................................................................ ..... ... .. ...... 42 
State diagrams ...... ................................................ .. ........................................ 43 
Grafcet diagrams .................................... .. .... ................................... ..... .......... 44 
Program Design Language ................................................. ................ .. ........ 46 
Methodologies for development of software ........... ................... ........... .47 
Michael Jackson methodology ................................................................... .47 
Yourdon methodology ......... ............................. ....................................... .. .. 47 
Mascot methodology ... .................................................................................. 48 
Computer Aided Software Engineering tools ......................................... 48 

Conclusions ...................... ......................... ......... ................... .. ...................................... 50 

Acknowledgements .......... .................... .. .................................... .. ... .. .. ........................ 52 

References .......................................................... ............................................................ 53 

Il I 



LHe=helium in liquid phase 

GHe=helium in gas phase 

ppm=parts per million 

Abbreviations 

bar abs.=absolute pressure (atmospheric pressure is approx.=1 bar abs.) 

bar rel.=relative pressure (measured relative to atmospheric pressure) 

J-T=Joule Thompson (valve used for cooling) 

rps=revolutions per second 

RF=Radio Frequency electromagnetic field 

Cryostat=The vessel containing the superconducting cavities 

PC=Process Control program 

CV=Control Valve 

PV=Pneumatic Valve 

LT=Level Transmitter 

PT=Pressure Transmitter 

PS=Pressure Switch 

HE=Electrical Heater 

PID=Proportional Integral Derivative (controller) 

PLC=Programmable Logic Controller 

CASE= Computer Aided Software Engineering 

StP=Software Trough Pictures 

RTEE=Real Time Engineering Environment 

IV 





Chapter 1. Introduction 

1.1 Short overview of CERN 
CERN (Conseil Europeene pour la Recherche Nucleaire) isa European laboratory for 
high energy physics located close to Geneva on the horder of France and Switzerland. 
Established in 1955, CERN now has 17 member states, each country contributing in 
proportion to its national income. The annual budget was 908.95 million Swiss francs 
in 1991. Sweden's contribution to the budget is 3.49 %. CERN has 3200 staff 
members and more than 6200 scientists from all over the world work here from time to 
time. Normally, about half of the scientists are here at the same time. This means that 
CERN is the working place for about 6500 people. The aim of CERN is to find out 
more about the nature of matter, for example, the laws describing electroweak 
interactions in what is known as the Standard Mode/ oj Particles and Interactions [1]. 

\ 

,.. 
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Fig.1.1. Schematic view of the LEP ring close to Geneva. The access pits, caverns and service tunnels at 4 
interaction points are shown. The diameter of the ring is 8.5 km and the diameter of the tunnel is 3.8-4.6 m. 
The depth underground varies between 50 and 150 m. The slope between point 8 and point 4 is 1.4% (15). 

1.2 Accelerators at CERN 
In 1959, CERN put into operation the Proton Synchrotron (PS), which at the time was 
the most powerful accelerator in the world with 28 Ge V proton beams [2]. Today, this 
machine is mainly used as a pre-accelerator for the larger and more powerful machines. 

In 1971, CERN took the Super Proton Synchrotron, (SPS), into operation. This 
accelerator was first used as a storage ring for fixed target experiments with a beam of 
270 GeV. Between 1981 and the end of 1991, the SPS also was used as a proton
antiproton collider with a centre of mass energy of 540 Ge V. For this purpose an 
Antiproton Accumulator (AA) had to be built to accumulate and store the very rare 
antiprotons. Antiprotons are made by shooting protons into a target. For every hundred 
thousand protons bitting the target, only one antiproton is produced. With this machine, 
Carlo Rubbia, now Director General of CERN, and his collaborators discovered the 
intermediate vector bosons, the W and Z. The Z is often called Z zero since it has no 
charge. 
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In the summer of 1989, the world's now biggest accelerator, the Large Electron 
Positron collider (LEP), or the LEPton collider became operational. At present LEP has 
a centre of mass energy of about 100 Ge V (50 Ge V per beam), which will be increased 
to 200 Ge V in the next few years. Both the PS and the SPS are presently used as pre
accelerators (injectors) to LEP. 

Electron-positron collisions are considered 'cleaner' than hadron collisions since the 
leptons are not made of smaller constituents, quarks. Cleaner means that fewer partides 
are created in the collision, making it easier to identify them in the detectors. 

Leptons Hadrons 
electron proton 
positron antiproton 
muon neutron 
neutrino pion 
tau meson 

Table.1.1. Examples of leptons and hadrons [l]. 

Less energy is required in electron-positron collisions than in hadron collisions, since 
the beam energy is shared among the quarks of the hadrons. However, at the same 
energy, leptons emit much more synchrotron radiation than hadrons. LEP will probably 
be the largest lepton storage ring that is ever going to be built; future lepton colliders 
will probably be linear accelerators. The next two planned large proton colliders are the 
Large Hadron Collider (LHC) which will be built on top of LEP, and the 
Superconducting Super Collider (SSC) in the USA. The LHC will reach a centre of 
mass energy close to 16 Te V, and the SSC will reach about 40 Te V. 

1.3 General design of the LEP accelerator 
1.3.1 Ma~nets 
LEP is housed in a ring shaped underground tunnel 27 km long, situated 50 to 140 
meters below ground level. The particles, electrons and positrons, travel in opposite 
directions in a vacuum chamber 00-10_ 10-12 Torr) guided by magnets at a speed very 
close to the speed of light (0.999994 c, 90.· 10·6 s/tum). Different types of magnets are 
used; dipole magnets to guide the partide path (beam), quadropole magnets to focus the 
partides, and sextupole and octopole magnets to compensate for non-linearities and 
other phenomena. By using a large radius of curvature, the synchrotron power radiated 
by the partide beams is reduced. One additional advantage of the large radius of the 
ring is that only relatively low guiding magnetic fields are required. The main mag11etic 
system of LEP is resistive, i.e. it is kept at ambient temperature. Superconducting 
magnets are presently required only at the experimental areas. The beam is usually kept 
for 6 to 10 hours before it is dumped. 

1.3.2 Acceleration 
The particles are accelerated with radio frequency cavities (RF cavities). The present RF 
accelerator system of LEP consists of 128 five-cell copper cavities powered by sixteen 
1 MW klystrons. The klystrons generate RF power, which is guided into the cavities 
via wave guides. The RF field oscillates at exactly the right frequency, so the particles 
moving in bunches of about one or two centimetres in length are accelerated by the field 
in each cavity. To reduce heat loss in the copper cavity wall, the RF field switches toan 
adjoining low loss spherical cavity whenever there are no bunches to accelerate. The 
bunches are injected from a chain of smaller accelerators, including PS and SPS, which 
increase the energy of the particles in steps. Four bunches of electrons are accelerated in 
one direction and four bunches of positrons (antipartides) are accelerated in the 
opposite direction. For reasons of particle beam quality, the partide acceleration must 
be equally distributed over four points around the LEP ring. 
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1.3.3 Collisions 
The bunches are brought to collide at four symmetrically located experimental points 
entitled ALEPH, L3, OPAL and DELPHI (see fig. 1.1). Here, some of the electrons 
and positrons collide and annihilate into new elementary particles, for example, the 
intermediate vector boson zo and gamma particles (photons). Presently, LEP is running 
at the zo resonance peak (45 Ge V per beam) where about one zo is produced every 
second. In the interaction point the z0:s immediately decay into other panicles such as; 
electrons, muons, taus, neutrinos and jets of hadrons. The new particles are identified 
in !arge detectors consisting of a great number of layers in a cylindrical shape. 
Cerenkov light is produced when the particles pass some parts of the detector. In the 
DELPHI detector, for example, by measuring the width of the lobe of the Cerenkov 
light, and the curvature of the traces caused by a magnetic field, it is possible to 
determine the speed of the particles, and to calculate the momentum and mass of the 
particles. Advanced read-out systems using fast electronics and computers make it 
possible to analyse the particle traces. Quarks (up, down, strange, charm, and bottom) 
can also be detected by indirect means using the traces of the larger particles. The top 
quark has not yet been discovered, and will most probably never be found (created) in 
LEP due to its very large mass. 

1.4 LEP 200 
1.4.1 Introduction 
At present (phase 1 ), LEP can be exploited up to energies of about 55 Ge V per beam, 
sufficient for production of zo particles in large quantities. In this respect LEP has been 
very successful and more than a million zo panicles ha ve been produced. During the 
coming years, the particle energy will be increased by progressively installing 
superconducting (s .c.) cavities for acceleration. This upgrade project is known as LEP 
200 (200 Ge V centre of mass energy) [3]. For cooling the s.c. cavities to 4.5 Kelvin, 
powerful helium refrigeration plants are required at four different access points; points 
2, 4, 6 and 8 (See fig. 1.1 ). Three s.c. modules each containing four sets of cavities 
have been tested and operated under normal beam conditions using a 1.2 kW cryoplant 
at interaction point 2. In a second stage 32 s.c. cavities in 8 modules manufactured by 
indusrry (Interatom in Munic, Ansaldo in Italy and Cerca in France), will be added at 
both sides of interaction point 2 during the next annual shut down period Nov 11, 1991 
to March 15, 1992. Together with the existing 128 copper cavities they will allow the 
energy of the e+ and e· beams to be increased to 64 Ge V. For this second stage it is 
necessary to install a larger cryoplant of 6 kW cooling power at 4.5 K. The milestones 
for LEP-200 cryogenics is given in table 1.2. 

First Nb cavities in SPS 
1 module of 4 Nb cavities in LEP 
1 module of 2 Cu/Nb cavities SPS 
3 modules of 4 cavities in LEP 
8 modules of 4 cavities in LEP, pt. 2 
Test area for cavilies and magnets (SM 18) 
Up to 64 modules of 4 cavities in LEP pt. 2,4,6 ,8 

120W 
800W 
120W 
1200W 
6kW 
6 kW 
4xl2 kW 

Feb. 1988 
Jan. 1990 
Feb. 1990 
Jan, 1991 
Jan. 1992 
Jan. 1992 
End 1992 
-early 1994 

Table L!. Milestones for the LEP-200 cryogenics. Nb denotes niobium cavities. Cu/Nb cavities denotes 
copper cavities covered on the inside with niobium [3 and 15] . 

1.4.2 Future developments 
The funher addition of 96 cavities in 24 modules will increase the energies of each 
beam to 82 Ge V, and the production of the other intermediate vector bosons w+, w
will be possible (see fig. 1.2). Another goal of LEP researchers is to find the Higgs 
panicle. if possible. 

3 



e+> ,' W+ 
---~----<_ 

e- '· W-

e+ ~amma ,,,'' W+ 
-f""\../'\J·, 

' ' ' ' e- W-

Fig. 1.2 Feynman diagrams of postulated W-pair production in LEP. The W-particles will immediately decay 
into quark.s and anti-quarks forming larger particles which will be detected and srudied (l] . 

Finally, with 256 s.c. cavities in 64 modules operated from the present sixteen 1 MW 
klystrons, and with the installation of four 12 kW adclitional cryoplants, each with an 
equivalent total refrigeration power of 12 kW at 4.5 K, the centre of mass energy of the 
beams will approach 200 Ge V. To increase the particle energy from 55 Ge V to 90 Ge V 
requires seven times more acceleration, and this is only possible by using 
superconducting cavities because of space and electric power !imitations. The 12 kW 
cryoplants will be constructed in a way that, at a later stage, a total of 18 kW cooling 
power at 4.5 K can be achieved from each cryoplant by adcling compressors, with only 
minor changes in the coldboxes. Two of the 12 kW cryoplants will be manufactured by 
the Swiss company Sulzer and two by the French company l'Air Liquide. The 
constrUction of the 12 kW plants are very similar to the 6 kW Sulzer plant described in 
chapter 2. The differences are that they will have more compressors and, because of 
space !imitations in the tunnel, the Cold Box will be split into two pans, one in the 
upper building and one further down just above the tunnel. The intermediate 
temperature between the coldboxes will be 20 K. 

Si.fflU C!l.O !llX 10:11 

Fig. 1.2. The planned cryogenic installations at interaction point 2 (15J. 
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In 1992 a first 12 kW cryoplant manufactured by Sulzer will be installed at point 6, and 
another 12 kW plant manufactured by l'Air Liquide will be installed at point 8. In 
1993/94 one 12 kW plant manufactured by Sulzer will be installed at point 4 , and 
another 12 kW manufactured by l'Air Liquide at point 2. In the future the plants may be 
used also for cooling superconducting magnets in the LEP tunnel for the next big 
accelerator project, the Large Hadron Collider (LHC). For this project, the plants 
probably need major modifications in the lower coldboxes. In this case the LHe (liquid 
helium) should be superfluid at 1.8 K for cooling the guiding magnets. All the LEP 
cryogenic installations will be integrated into the existing operation scheme, in which 
already some 10 plants at the various CERN si tes are supervised and operated by one 
team from a central control room. 

1.4.3 Aim of the present work 
To understand and study the distribution and regulation systems e.g., flow stability, to 
the helium baths in the cavity cryostats the production of liquid helium (LHe) in the 
new 6 kW cryoplant, which is presently being installed at interaction point 2 in the LEP 
accelerator, will first be analysed. Fig.1.3 shows an overview of the new installation 
with the new 6 kW cryoplant described in chapter 2. 

Compressors 

Cold Box 
turbines, heat 

Storage tank 
K.J~---t for Helium gas 

~ · · 

-------------- -111111 -

Ground level 

__ L,,E_P_ ~a_rll 

Fig.1.3 General design of the cooling system and the distribution network fo r LHe to thc superconduccing 
cavicies at interaccion point 2. 

At the bottom the new 8 modules are shown with their distribution network for the 
LHe. The LHe is produced in the Cold Box in an underground tunnel close to the 
accelerator tunnel. The compressors and the storage for GHe (helium gas) can be 
looked upon as externa! equipment for the Cold Box. 

To understand the background of the cooling system of the tuners, RF couplers, high 
order mode couplers and screens, the superconducting niobium coated copper cavities 
and the radio frequency (RF) field systems are described in chapter 3. Three different 
ways for experimental measurements of the qual ity factor (Q-value) are given. Such 
measurements are important for improval of the regulation of the cryostat heaters 
discussed in chapter 4. 

The properties of the superconducting niobium film are presented in section 3.3 in 
order to analyse the causes of extraordinary heating (e.g. quenches and electron 
activity) causing high pressure in the cryostats. Further, a detailed study of the cooling 
system for the cavities based on the current experience with three test modules operated 
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in 1991 with a circulating beam in LEP interacrion point 2 using a 1.2 kW cryoplant is 
given in chapter 4. This includes definition of the regulation parameters; level, 
pressure, flow and heat load, the active elements, measurements of the flow of warm 
retum gas and calculations. Specifically, parameters that affect the quality factor are 
examined, and how these will affect the regulation of the heaters in the cryostats. In 
chapter 4, the actions by the control system in respect to different conditions, and 
necessary modifications for the new 6 kW installation are given. 

In chapter 5, different techniques for specifying the control programs for the new 
installation are evaluated. The specifications are to be used for programming of the 
ABB Master process control system used for the regulation of liquid helium. The new 
program is to be made by Asea Brown Boveri (ABB) in Baden, and must be finished 
and tested before the planned start up of LEP in March 1992. The old program dates 
back to the first testing of the fi.rst module and has been extended in the meantime. The 
following two test modules were added one by one, using programs that were similar 
to the first one. These programs now need to be structured and improved, and all 
modules should have identical programs. Therefore, it was necessary to compare 
different diagramming techniques, standards and methodologies and Computer Aided 
Software Engineering (CASE)-Tools as to their practical usefulness in this kind of 
process control. As a result of the investigation, possible ways of making software 
specifications on different levels are defined, more or less ambitious, depending on the 
anticipated requirements. 
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Chapter 2. The 6 kW/4.SK Sulzer helium cryoplant 

2.1. General description 
This powerful cryoplant is manufactured by Sulzer, Switzerland and is presently being 
installed in LEP Interaction Point 2, replacing another SULZER 1.2 kW test cryoplant. 

The cooling capacity of the plant is: 
- 5 kW at 4.5 K 
- 3 kWat 80 K 
- 8 g/s liquefaction rare 

This plant is designed to supply liquid helium via a cryogenic transfer line system of 
550 m total length to cool up to 2 x 16 superconducting cavities. The cooling media is 
helium which becomes liquid at 4.2 Kelvin at atmospheric pressure. 
The cryoplant consists of three major parts: 

- The compressor set with aftercoolers for the extraction of the compression heat and 
equipment for removal and recycling of oil. The assembly is housed in a surface 
building at LEP lnteraction Point 2. 

- The Cold Box with heat exchangers, turbines and Joule Thompson valves for cooling 
the helium by step-wise expansion. It is located underground in the Klystron gallery, 
which is a service tunnel parallel to the LEP accelerator tunnel in the interaction 
region. 

- The computer control system is an ABB Master system 280. One "Master Piece" is 
used for the compressors at the surface, one for the Cold Box in the tunnel and two 
for the cavities situated on the left and right side of the interaction point, as seen from 
the centre of LEP. (see fig.2.6) 

2.2 The compressor set 
The compressor assembly of the plant, designed to deliver a mass flow of 393 g/s, 
consists mainly of the following components: 

- three compressors, two low pressure boosters and one high pressure machine 
- one low pressure oil separator with oil and gas aftercooler 
- one second stage oil separator with oil and gas aftercooler 
- two coalescing filters 
- one activated charcoal adsorber 

The screw compressors of this plant, the boosters (mode! S 75 and S 93), and the high 
pressure machine (model S 73), are manufactured by Stal Refrigeration, Sweden. They 
are driven by electrical motors and need oil to lubricate and seal the screws. This leads 
to the need for a complicated separation and filter system to remove oil from helium, 
and to recirculate the oil back to the compressors. The oil is of a synthetic type, with a 
high boiling temperature. The CERN Technical Specification demands extremely low 
oil contamination of the circulated helium gas (1 gr.of oil I 100 tons of circulated 
helium) to avoid long term contamination of the heat exchanger surfaces and blocking 
of passages due to solidification of oil. 

The boosters share one oil separator (oil knock-out drum), one oil and one gas cooler 
(see fig. 2.1 ). The suction pressure at the inlet to the boosters is slightly above 
atmospheric pressure ( 1.01 bar abs) to ensure that air does not leak into the system. 
The nominal values for the discharge pressure after the boosters is 4.4 bar abs., and 
after the high pressure compressor 19.5 bar abs. The high pressure compressor is 
followed by one oil separator, one oil and one gas cooler. 
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Once the gas is compressed and after a rough separation of the oil, two coalescing 
filters and one activated charcoal oil adsorber will ensure the final purification of the 
helium before it is sent to the Cold Box. The oil separators are tanks where the oil is 
roughly separated from the helium gas and gravitates to the bottom of the vessel. This 
lowers the oil contamination down to approximately 50 ppm. The aftercoolers extract 
the compression heat out of the oil and the helium gas by exchange against cooling 
water. 

The coalescing filters are mechanical filters consisting of many layers of a paperlike 
material. After the first filtering stage, the oil contamination is less than 20 ppm, and 
af ter the second stage less than 0.2 ppm. 

The oil adsorber is a large tank incorporating a bed of activated charcoal fixed between 
an upper and lower wire mesh filter package, two layers of mineral wool filters to avoid 
channeling of helium across the bed, and perforated plates to keep the whole in place. 
This is the final stage for purification of He gas from remaining oil and gases heavier 
than helium (e.g., N2 , 0 2 , C02 , Ar, H20 , Ne, Rd, Xe, Cx Hr )before it leaves the 
compressor assembly for the Cold Box. After this filter, the oi contamination is less 
than 0.01 ppm. 

Helium 
butter 

Booster 
- compressor - (mod. 93) , ' 

/j 

011 011 Gas 
Hi pressure 

cooler -<J- separator ~ - compressor -cooler 
(mod. 73) 

V ~ 
Booster 

j • 

- compressor Oil Oil - cooler -<:)-
(mod. 75) separator 

- Coalescing Gas 
~ 

- Bypass filters cooler -
Oil 

adsorber 

~ 
From 

~ Coldbox ,~~: ... 
Fig.2.1 . The compressor set with coolers and equipment fo r removal and recycling of 
oi I. 
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2.3 The Cold Box 
The Cold Box consists mainly of the following components (see fig 2.2): 

- four multi-path heat exchangers, El-E4 
- seven rurbines (turbo expanders), Tl-17 
- two Joule Thompson valves in parallel 
- one phase separator (gas I liquid) 

In the Cold Box refrigeration is achieved by a total of 7 turbines and 4 multi-path heat 
exchangers as shown in the simplified flowcheet in fig . 2.2. A first loop with 4 
turbines (model TGL 32) arranged in series expands helium from about 20 to 1.3 bar 
abs. and is used to precool the main Joule Thompson (J-T) stream to roughly 20 K. 
Part of the J-T-stream is extracted at 50 K and is used for screen cooling (see 2.3.3). 
The screen stream is retumed to the Cold Box at about 80 K and cooled down to about 
20 K before it is fed to the main J-T stream at a slightly lower pressure level. Below 20 
K the J-T-stream is fed to two parallel turbines (model TGL 22), operated at supply 
temperatures of 16 K and 9 K respectively. After passing through the last heat 
exchanger and turbine 7 (model TGL 32) expanding into the liquid region, it is 
available as roughly saturated liquid at 1.4 - 1.5 bar. 

The inversion remperarure is about 20 K for helium, depending on the pressure and 
enthalpy of the gas. This defines the upper limit where it is possible to use a Joule 
Thompson val ve for energy exrraction. When expanded by a Joule Thompson valve a 
gas or liquid lowers temperature and pressure, but the enthalpy of the gas or liquid 
remains constant. This provides the simplest method for cooling. Turbine 7 is put into 
operation only when the temperature in this region is below 10 K. Then it works more 
as a liquid than a gas turbine. It is not necessary to produce liquid with turbine 7 since 
the J-T valves are fully capable of doing this in this temperature region. However, 
turbine 7 increases the capacity of the cryoplant by 10 % when it is in operation. 

,. 
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to 
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compressors 

precooling turbines 
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Fig 2.2. The 6 kW Cold Boxat Point 2 (schematic view). See text for details. 
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In figure 2.3 the temperature as a function of enrropy is shown fora range of different 
pressures. A set of lines of constant enthalpy is also shown. At high temperatures these 
lines are almost horizomal. At lower temperatures there isa marked upward slope of the 
curves as the pressure is raised. Beyond a certain pressure they drop again. 
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The nomenclature of the T-s (temperature as a function of entropy) diagram below the 
criticai point in the liquid vapour region is shown in fig.2.4. The critical point is where 
the gas first becomes liquid (5.2 K at 2.5 bar for helium) (4]. 
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Fig.2.3. Temperature-Entropy diagram for helium [4]. 
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Fig.2.4. Details of the temperature entropy diagram [ 4]. 
s 

1 0 



2.3.1 The heat exchane;ers 
In the heat exchangers the rerurning upstream gas flow from the caviåes is used to cool 
the wann downstream gas from the compressors. The cooling is carried out with the 
aid of alternating heat exchangers and turbines, and finally by the help of the J-T 
valves. The downstream gas is cooled and its enthalpy decreased while passing the heat 
exchangers, and the upstream gas will accordingly heat up. Further cooling is achieved 
with turbines and J-T valves. 

2.3.2 The turbines 
In a turbine, a working wheel and a braking wheel are both mounted on the same shaft 
(see fig. 2.5). Helium gas under high pressure from the main flow drives the working 
wheel. In an expansion turbine the gas expands and energy is extracted at a constant 
entropy. At the braking end of the turbine the compressor wheel works on a closed 
circuit of helium gas. This gas is first compressed and thereby heated by the 
compressor wheel, then cooled by water in a heat exchanger and, finally, this gas is 
circulated back to the compressor wheel of the turbine. In this cooling process, energy 
is extracted from the helium in the main line~ this energy is removed in the closed circuit 
and transferred to the cooling water. 

Cooler 
connect1on ...,. ____ Brake c ircu1t 

filter 

Brake 

compressor ----~~~~~~~t::JL_ 
Thrust oearing 

.-+.-++..__ ___ Rao1a1 bearing 

Nozzle ring-------+~~~ 

Turb1ne wheel ------+"ift~ 

11. ~ 
' I 

• 

Fig. 2.5. Cutaway view of an expansion rurbine (turboexpander) [41. A working turbine wheel and a braking 
compressor wheel are mounted on the same shafL In the braking end. helium gas circulates in a closed circuit 
and is cooled by water. The shaft is supplied with dynamic gas bearings and magnetic bearings. 
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The turbine is moving at very high speed, typically 2500 rps, and the shaft is supplied 
with dynamic gas hearings and magnet hearings. At low speeds, at stan up and shut 
down of a turbine, the hearings need extra gas injection (jacking gas). The differential 
pressure over the hearings is used to determine when jacking gas is needed. The speed 
of the turbine is measured with an inductive pick-up and is adjusted automatically with 
a so-called brake valve in the compressor circuit. To increase the speed the valve closes 
and to decrease the speed the valve opens. 

2.3.3 Screen cooling 
Equipment to be cooled to LHe temperatures need an intennediate shield cooling to 
reduce the temperature gradient between working and ambient temperature. This 
intermediate shield (screen cooling) serves to intercept heat inleak due to conduction 
and to radiation. The transfer lines of the LHe Distribution System are screen cooled 
with helium at a temperature between 50 and 80 Kelvin (design values). This cooling is 
taken from an intermediate temperature range of the process in the Cold Box, as 
mentioned above. 

2.3.4 The phase separator 
The phase separator isa 200 litres buffer tank used to store the liquid before supplying 
it to the cavities and to separate the gas which returns to the heat exchangers. It houses 
a heat exchanger for subcooling liquid, electric heaters (6x1250 W) anda differential 
pressure transmitter (transducer) for measuring the level of liquid helium. The level is 
kept to 80% of the volume and is regulated by a liquid withdrawal val ve at the bottom 
of the tank. It is also regulated by the electric heaters. The difference in volume between 
the low and high limits is about 50 liters. The pressure is controlled by the gas outlet 
valve. The aim of the incorporated heat exchanger is to produce subcooled liquid 
helium to ensure the supply of gasfree liquid (single face). The liquid He in the phase 
separator itself is produced in a second, smaller J-T valve in parallel with the main one. 

2.4 The control system 
The programs for the control system together with the database for the cryoplant are 
kept in four programming units, ABB Master Pieces (see fig. 2.6). One is located on 
the ground level and the others are in the LEP service tunnel (klystron gallery). The 
upper Master Piece is used for controlling the compressors and one of the lower Master 
Pieces is used for controlling the Cold Box. The right and left lower Master Pieces are 
used for controlling the cavities on each side of the interaction Point 2 in LEP. The 
upper and the lower units are linked together with an ABB Master Bus MB300. An 
ABB Master View 830 is also connected to the four Master-Pieces via a bus. Two 
control screens, tessilators, are connected to the Master View to make various synoptic 
pictures, trend curves, and data tables. 

The programs made by ABB are divided into smaller subprograms, which can be 
executed and used independently of one another. An ABB Master Aid 220 is connected 
to the system to be able to make changes in the program control (P.C.)-programs in the 
four Master Pieces. 
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Chapter 3. The superconducting accelerator cavities in LEP 

3.1 Introduction 
A charged particle that is deflected by a magnetic field emits electromagnetic energy i.e. 
synchrotron radiation. A unit charged particle circulating along a ring at an energy E 
looses a fraction ~ [MeV] of its energy per revolution accord.ing to the formula: 

~= 6x10·15 ( _g_) 4 

R m c2 
0 

where; 
R= radius [ m] 
mo=the particle rest mass 
c= speed of light (300 000 km/s) 
In this formula one can clearly see the benefit of using a large radius for the accelerator. 
The formula also shows that the energy loss is much higher for light panicles like 
electrons and positrons than for heavier particles like protons. The loss must be 
compensated for by a powerful RF accelerating system. Presently, LEP is running at 
the zo resonance peak at about 45 Ge V per beam where about one zo is produced every 
second The LEP-200 project [3] aim to increase the energy up to 90 Ge V per beam and 
beyond if possible. At this energy the w+, w- production is postulated to begin and 
this makes it possible to study new decay channels for the particles in the detectors. To 
increase the acceleration from 55 Ge V per beam to 90 Ge V per beam requires seven 
times more acceleration, and this is only possible by using superconducting cavities 
because of space and electric power !imitations [5]. Since the particles are already 
travelling with a speed very close to that of light, they will now mainly increase their 
mass with further acceleration. 

The introduction of superconducting (s.c.) accelerator cavities gives rise to a need for 
large cryoplants. The cavities are kept in modules, each module containing four cavities 
[6] . The cavities are made of copper and are covered on the inside by a thin niobium 
film (thickness: 1-1.5 · 10-6 m) added by a sputtering method. Niobium isa metal which 
becomes superconducting at 9.20 Kelvin. Inside the cavities and the LEP ring the 
vacuum is kept at lO-IOto 1Q-12Torr. 

Fig.3. l A superconducting 4-cell cavity for the LEP accelerator. The cavity is made of copper and covered 
with a lhin layer of niobium on lhe inside. The lenglh of the cavity is 2.35 m (4]. 
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3.2 The radio frequency system 
3.2.1 Acceleration 
The energy for acceleration is supplied to the panicles through strong electric radio 
frequency fields inside the RF cavity as shown in fig. 3.2 below. 

8-2~98 =.,...,_, __ -= 
9'68b 

Cell 1 2 3 4 1.4 nsec later 2.8 nsec later 4.2 nsec later 

Fig. 3.2 Schematic view of time variation of E-fields in a s.c. 4-cell LEP cavicy. Each cell can be looked upon 
as a separate resonance charnber. The wavelength of the RF-field is equal to the length of two cells in the 
cavity. 

A particle entering cell 1 at the correct phase is accelerated. By the time it has entered 
cell 2 the fields are reversed (1/2 RF period later) and it is accelerated again. The same 
happens in the following cells. The RF fundamental field mode TM010 (Transverse 
Mode) is used in these cavities. The phase difference of the field between 2 cells is 1t 

and therefore this mode is called a 1t mode. 
Counter-rotating electrons and positrons can be accelerated by the same fields since 
they have opposite charges. The frequency of field reversal and the distance between 
cells must be matched to the particle velocity. The RF frequency can be kept constant 
during acceleration because the particle velocity is very close to the speed of light 
already at the injection energy at 20 Ge V [5,6]. 

3.2.2 Klysrrons 
The RF power to the cavities is supplied by powerful radio frequency amplifiers. These 
are called klystrons (fig. 3.3) [7 , ch. 5]. The input RF field to each klystron is 
generated by a quartz stabilized synthesizer at the central RF control room and arnplified 
by solid state amplifiers. In a klystron a continuous electron current is accelerated by a 
100 kV DC field from an electron gun. In a first klystron cavity the DC beam is velocity 
modulated by a RF field to form bunches. The following cavities are passive elements. 
After a certain drift distance, bunches have formed, which excite the output cavity at the 
frequency of the bunch repetition. Finally, the electrons are dumped in the water cooled 
collector. Each klystron can generate a maximum power of 1300 kW. The output RF 
power is rransponed via waveguides, which are made of rectangular aluminium tubes, 
with a total loss of 4-5 %, to the cavities. 

Entree RF 
-;-RF imput 

. i 
J_ Bobines de focahsaoon 

Foa.cs:smg ctJds 

Sor11e RF 
Rf oUllWI 

/ 

/r,,W'I de retroulossemem 
Coofing oralt 

Fig. 3.3 Schematic view of a klystron showing the electron gun (left). the RF inpul cavity, the RF output 
cavicy (right) and the water cooled collector. 
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3.2.3 Tuning of the LEP ring accelerator caviries 
In order to accelerate the bunches in the LEP ring correctly, it is necessary to control the 
resonant frequency of the cavities with great accuracy. The resonant frequency is 
adjusted by longitudinal deformation of the caviries [8]. If the length of the cavity is 
correct it is said to be tuned and othetwise detuned. The length of a LEP cavity can be 
adjusted in three ways: 

- Mechanical adjusnnent with screws. 
This is made in a laboratory when the cavities are prepared and tested, and provides a 
rough adjusunent in the order of millimetres. 

- Magneto-striction. 
Fast tuning is accomplished by the magneto-strictive effect of three nickel tubes 
anchored to the cavity ends inside the insulation vacuum. The length is adjusted by 
applying a magnetic field to the nickel tuners. With this methcxi one obtains a total 
change of resonance frequency ( tuning range) of 2 to 3 kHz corresponding to 50· l Q-6 
min length change. 

- Hearing. 
Slow tuning is done by varying the temperature of the three nickel tubes. The nickel 
tuners are cooled by helium gas drawn from the LHe bath and can be heated by an 
electric heater. The total change of resonance frequency obtained is 50 kHz 
corresponding to a length change of 1.2 mm. ( l · 10-6 m = 40 Hz) 

/ / • J 

V / 
/ / 

Fig.3.4 Tuning system of LEP cavities: (1) nickel tube. (2) coil for magnetostriction. (3) cold He gas inlet. 
(4) rold He gas outlet, (5) heater, (6) supponing frame and (7) cavity with welded He vessel (4]. 

3.2.4 High order modes 
Although only the fundamental TMo1o mcxie is injected with the klystrons, several 
undesired high order modes (HOM) [9, p.2991 will occur in the resonance chamber 
produced by the bunched beam. These modes can be either TM1mn or TEtmn where l, 
m, and n are any integer numbers. High order modes are created by the beam and thus 
depend on the beam current (number of bunches, parricle density in each bunch and, 
bunch size). To remove these modes, a special device, a HOM coupler is connected to 
every cavity. The HOM coupler works as a filter for the fundamental mcxie but it 
couples to the high order modes and darnps the power into an extemal RF absorber. 
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3.2.5 Ouajity factor measurements 
The effi.cacy of an accelerator cavity is defined by the quality factor, Q : 

Q- 2 . Energy stored at resonant frequency 
- 7t Power dissipated in one period of this freq. 

which can also be written: 
w Q= rop ; where ro= 2·1t· f and W = stored energy. 

diaipatcd 

The surface resistance is defined as: R.un.ce =~(ohm] (real pan). 

fH2dV 
The Q value is related to the surface resistance: Q = R )Hld where H is the 

surflce S 

magnetic field and E the electric field. The relation can also be written: Q = 0 cr where 

J 
~~ 

H2dV 
cr = ]H2ds [4]. 

The Q values for individual cavities can be measured experimentally in three ways: 

- Measuring the decay time for the amplirude of the field after stop of excitation. 
- Measuring the width of the resonance curve (full width at half maximum) 
- Measuring the cryogenic losses. This method is described in chapter 4. 

The most accurate way of measuring the quality factor for s.c. cavities experimentally is 
to measure the slope of the field decay after stop of excitation. The slope of the decay of 
the electrical field amplitude, E [MV/m], in the resonance volume follows the formula: 

W=27tf 
t=cime in seconds 
Q=quality factor 
f=frequency 

Wl 

where; 

The decay time to a certain value for each cavity is measured and by logarithmic 
inversion of the formula above one obtains the Q value. 

-.. 
·-. 
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Fig.3.5 The decaying amplitude of the RF !ield aftcr stop of excitation. 
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Another method which is possible to use at a wider bandwidth (more than about lO Hz) 
is to couple the cavity to a RF frequency generator and scan over different frequencies. 
At the resonance frequency one obtains a resonance peak. The full width of the peak at 
half maximum is measured and the Q value is obtained according to the formula: 

Q- f_ h -"K{ w ere; 

frca. =the resonance frequency 
Af= the full width of the resonance peak at half maximum. 

352 MHz 
Frequency 

Fig. 3.6 The peak at the resonance frequency 352 MHz. 

The Q value of the s.c. cavities may depend on the electrical field strength at which they 
are operated. This effect depends on for example electron activity described in section 
3.3. The Q value is used as a qualification criteria for the cavities. The minimum 
contractual requirements isa Q value of 3· 109 at a field of 5 MV/m. In fig.3 .7 these 
measurements have been obtained by using the decay method described above. Each set 
of points correspond to one cavity and only two of the measured cavities fulfill the test 
since they are above the requirements. 

CEACA cavlllH ( horlzontal 1•511 

.~·~· C,,.a:':. ~ . 1 1 " ." L . 1 1 ...--.~~-.-~~~-~~..-~.o~•.._...,l•.__ __ _,.w~~----~I ---11 
I l ;, I .. !'>. I • 01 • •• I I n 9 I o •,· •P~ 
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Fig.3.7. Typical measurements during fabrication of niobium coated coppcr cavities. 
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3.3 The superconducting film 
By the use of s.c. cavities the resistive loss in the walls is reduced to a large extent 
compared to conventional copper cavities. The relation between the resistance is: 

~~~~~.~ ~) =105 -106.ln the superconducting mode. the conduction electrons of the 

niobium combine in pairs, Cooper Pairs. The depth in which the Cooper pairs move is 
called the London Penetration Depth, which is approximately 500· 10-10 m. However, a 
very small fraction of the electrons do not pair-up. The alternating RF field in the 
cavities is thus associated with RF currents in the walls, which unfonunately creates a 
loss owing to this residual wall resistance [ 10]. 

The electric peak fields at the wall surface is about 2.3 times higher than the acceleration 
fields produced by the klystrons (design value 6 MV/m). The fields along the walls are 
thus much higher than 10 MV /m. Due to these very strong fields, a dust particle, or a 
very small mechanical cut in the film may cause electron emission out from the surface. 
These free elecrrons are accelerated by the field in the cavity and may eventually impact 
into another wall where more electrons are emitted. When the electrons hit the walls 
they will deposit their energy and cause local heating. If the heated spot grows large (in 
the order of square millimetres) it may cause a quench. The definition of a quench is 
that part of the superconducting surface niobium suddenly becomes normal conducting 
(T>Tenac~i. transirion to normal state) which causes the metal to be overheated when the 
surface resistance suddenly increases with a factor of 105 . Thus it is very imponant to 
avoid contamination of the niobium film during assembly of a cavity. If there is too 
much contaminarion, the cavity may be rinsed in very clean water but this requires total 
disassembly of the modules. On a real niobium surface, there will always be more or 
less comamination and oxides and this will contribute to the losses (see fig.3.8) [11) . 
Whenever one cavity quenches accidentally one has the choice to dump the beam and 
stop the klystron or to detune the quenched cavity rapidly, which will allow that cavity 
to become superconducting again. Then it can be brought on tune again while the beam 
is still circulating. 

To prevent the niobium film from being damaged, two different kinds of quench 
detectors are used to switch off the RF field in the LEP cavities: 

- A fast quench detector measures the decrease of RF fields in the cavities and acts in 
the order of milliseconds. However this detector is also sensitive to other 
penurbances, like e.g.,tuner failures and loss of beam. 

- A slow quench detector measures the increase of pressure in the liquid helium bath 
described in section 3.4. 

r, . ! , nv.p' 4'~Ltfl,,, 1111JJI1Pw'' 1m 
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'~·~' -~·i · " ~~ 
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. : : : : : :f'Nbö"l : : : : : : : : : : : 
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Fig. 3.8. A real niobium sur face exposed to air at room temperarure [ 12]. 
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3.4 Cooling 
A cryostat for the s.c. LEP cavmes consists of several layers with different 
temperatures (see fig. 3.9). On both sides of the cold shield, there is a vacuum of IQ-5 
Torr. The vacuum is good isolation since the number of molecules transfering heat is 
reduced. Between the different temperature zones, there is so called super insulation. 
This consists of many layers of aluminium coated mylar foil . 

vacuum for 
insulation 

300 K 

cold shield 

Fig. 3.9 Schematic view of lhe different temperacure zones in a LEP cryostat. 

ultra high 
vacuum 

copper plate 

When cooled, the caviries work as vacuum pumps which is an unwanted effect because 
it will contaminate the niobium film with condensed gases like C02 , H2 , CH2 , CH3 • lf 
there isa leak somewhere in the vacuum tube, 0 2 may also be present. Under very 
infavourable circumstances, ice may be created on the film which will stop working 
properly. 

Fig.3.10 Schematic layout of a s.c. LEP cryostat: (1) cavity wilh welded He vessel. (2) Nickel tubes of tuner 
wilh coils and heaters. (3) supponing frame for vacuum vessel. (4) removable rods. (5) seal ing skin. (6) RF 
main coupler and (7) He transfer lines [4]. 
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Fig.3.11 Schematic view of a module. Four cavities are coupled togelher to form a cryostat module wilh a 
total length of 11 m (6). 

The helium supply transfer line to the cavities is manufactured by the company l'Air 
Liquide and will have a loss of 0.35 W/m. The difference in length between the right 
and left side at interaction point 2 is about 150 m or about 50 W of heat load. It is 
planned to use a cooling power of 2.5 kW in each branch (right and left) and therefore 
the heat load difference of only 2 % is negligible. Cooling is discussed funher in 
chapter 4. 

low temperature pipe 

superisolation 

Fig.3.12. Schematic cut through a transfer line. The diameter of the low temperature pipc is 65 mm. 

3.5 Calculation of the heating due to the RF field 

The accelerating voltage in each cavity is determined by the integral Y acc= 

fE2 (z)cos(c?t<p)dz where z is the direction of the particles, W=21tf and, v=the speed of 
V 

the panicles. The electric field is then defined as Eacc= V L_°, where L is the active length 

of the cavity i.e., where the cavity walls are rounded. The LEP cavities has an active 
length of 1.7 m. 
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R V 2 V 2 
For each cavity one can define the ratio r = (f = '"" = p •a: Q . For the 

(i) W stattl.l dissipatcd ' 

radio frequency LEP cavities, r, has been determined to be 464 ohm with computer 
calculations and quantitatively checked experimentally (9, p.281]. This value, r, 
depends only on the geometrical shape of the cavity and not on the material of the 

walls. The quality factor of a resonator is previously defined as Q= ~·W storcd which can 
dissipatcd 

be written as Pdwipatcd= r:Q. If several equal cavities are coupled together, one can 

assume that the voltage over each cavity will be the same. In this case P10t= 

P1 +P2 +P3+ ... =n·P1 • This gives Pux= n (Vto~n)
2

• For one module with four cavities this 
r· 

2 
formula will be Ptot=.!. · V1Q01 

• 

n r· 

This oives fora LEP cavity-module (n=4): P = 0.25 V101 

2 
= o 539 . (V[MV])

2 

o· tot 464·Q . Q[l09] 
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Chapter 4. Experiences with the first three superconducting 
test cavity modules with circulating beam in LEP 

4.1 Introduction 
The operation of a large cryoplant involves a risk for accidental heating with sudden 
evaporation of liquid helium, uncontrolled pressure increase, and even a risk for 
explosion. To prevent this risk the plant is equipped with a series of software, 
hardwired, and mechanical security systems. In a more elaborate fashion, by 
preventing too high pressure, these systems serve the same purpose as the release valve 
in a steam engine boiler. 

The following study is based on the current experience with three test modules, which 
were operated in 1991 with circulating beam at LEP interaction point 2 using a 1.2 kW 
cryoplant (see fig. 4.1). Under nonnal conditions, the modules are operated with 
software logic using the ASEA Master Control system. 

For safety reasons, there is also a hard wired logic which may overrule the software 
logic in specific cases. 
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Fig. 4. 1. Overview of the 1.2 kW cryoplant connected to three s.c. test cavity modules as thermal load. 
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4.2 The regulation of helium in the modules using control programs 
The system for regulation must take into account certain conditions inherent in the 
construction of the cryoplant and the cooling process. First, there is no large buffer 
tank for liquid helium between the Cold Box and the cavity modules; this is partly 
because of space limitations in the tunnel. To place such a tank on ground level would 
cause an unacceptably high pressure at the receiving end through the vertical transfer 
line. However, the Cold Box is constructed such that the retum flow of helium from 
the cavities does not go through a phase separator, which requires that the retum flow 
must be in the gas phase. Second, the cryoplant works best with a more or less 
constant flow rare, but the RF field increases stepwise when tumed on. 

To maintain constant flow through the modules, the heaters are set toa certain hearing 
value at start up, and are then turned down to compensate for the sudden hearing caused 
by the RF field. Thus, the problem consists much of maintaining a constant flow of 
helium by regulating the heaters. At the same time the pressure and level within the 
modules must be kept within certain limits. The details of the regulation system are 
presented below. 

The regulation parameters are; 
- Level 
- Pressure 
- Flow 
- Heat load 

The active elements are; 
- Supply valve for liquid He, CV841. 
- Retum valve for He gas, CV812. 
- Heater elements, HE910, 920, 930, and 940. 
- By-pass valve CV802. 

4.2.1 Level measurements 

Vertical reading [mm] 

Max 820 

Normal .. ----- 800 

working 
range I ----- 770 

Min 

Alarm level 70 

Transmitter reading 
niobium wire 

Setpoint 830 mm 

Min 786 mm 

Liquid helium bath 

Fig. 4.2 Leve! measurements. The niobium wire in the He bath is placed somewhat off the vertical line. 
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The regulation of the level in a module requires measuring the level of liquid helium 
surrounding the cavities. Each cavity has its own leve! transmitter (LT). In each 
module, they are numbered LT910, 920, 930, 940. The level transmitter consists of a 
niobium wire lowered into the liquid helium (see fig. 4.2). A current is sent through the 
wire which becomes slightly heated, and causing it to be normal conducting above the 
liquid level. Below the liquid level the niobium wire is superconducring. The resistance 
of the wire is measured, and will change according to the level of liquid He. 

Each cavity contains about 180 liters of liquid helium, thus a total of 720 liters in each 
module. The volume between the highest and lowest allowed limits is 12.5 liters in 
each cavity. This makes a total volume difference of 50 liters of liquid between highest 
and lowest limits in each module. The LEP tunnel is tilted by 1.4 degrees, and the 
supply for helium has been chosen to be at the lower end of the module and the return 
at the upper end of the module. The liquid helium bath tanks around the cavities are 
interconnected by a supply manifold below the tanks and a gas collector above. The 
supply manifold below the tanks is absent on the first two modules (1 and 2 in fig. 
4.1), and thus three of their cavities are supplied only by liquid overfilling by the top 
collector. All new modules from number 3 will have supply manifolds below the tanks. 
The exact height of the liquid helium level is not critical; it is sufficient to cool the top 
part of the cavities only by metal conduction and passing vapour. 

It is planned to install only three leve! gauges in the future modules, one with an extra 
gauge in the upper cavity and another in the second highest cavity. 

4.2.2 Pressure measurements 
The pressure is measured in the middle part of the module above the liquid level with a 
Balzer AGPlOO instrument using piezoresistive pressure transducers. The measured 
analog signal is filtered before it is transformed into a digital signal in an ND converter. 
The filtering constants are kept in a database in the ABB Master Conrrol System. 

In the future there will be two pressure gauges installed in each module, one for the 
upper and one on the lower-most cavity. In addition, there will be a pressure switch set 
for 1600 mbar abs. for the hardwired safety. 

The pressure must be kept very constant as it influences the cavity frequency (5-10 
Hz/mbar) and each loss of pressure leads to a loss of liquid and penurbation of the 
cryoplant (Cold Box + compressor) by the increased return of cold gas. 

4.2.3 Flow 
It is desirable that the flow through the cavities be as constant as possible to reduce 
oscillations, i.e. instability in operation of the cryoplant (compressor, Cold Box, and 
cavities). The cryoplant operates best (is most stable) if flow rate changes are slow. The 
general stabilization of flow is achieved by keeping the total heat load to each cavity 
constant, independently of RF losses, by using electric heaters. 

The flow through a valve is determined according to the Bernoulli and the Laval 
equations for both gas and liquid [17]. Engineering formulae exist to relate flow rate to 
fluid density and pressure difference. 

The supply and return valves are positioned by pneumatic actuators, i.e. pressurised air 
positioners. 

4.2.4 Heat load 
The required flow of helium for maintaining constant level is deterrnined by the total 
heat transfer to the cooling media (see table 4.1 ). This is composed of a number of 
sources with variable contribution: 

- Static transfer from the environment (increases with poor insulation vacuum) 
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- Distribution losses in transfer lines 
- Heater power 
- Cooling of tuners (wann return) 
- RF losses in the cavity walls 
- Beam induced losses in the cold walls and bellows connecting the cavities (Not yet 

well known, but expected to become significant with increasing beam current in 
LEP). 

- Electron activity 

Static evaporation 15-20 w 
Wannretum 20W 
Distribution losses 10-15 w 
Total 50W 
Dvnamic losses (RF and heater) 50W 
Total lOOW 

Table 4.1 Design values for cooling losses of each cavity at 4.5 K. The dynamic losses require a Q-value of at 
least 3-109 at a RF field of 5 MV /m. 

GasHe 
retum 

CV812 - - -1--- ·~- - - - - - -- - -: [!J"~°i8~1- -

I ' + + f(x) Calculated 
1 1 volume 

: ,- - --- - - -®Switch 

r----------·----~----~-------1t11 
I I 1 1 1 

r-----~-~--------~" 

~' w~ch : 1/11 

: ~ ... ! 
~ l,!.J ,----..... -' 

.- ' -.. .- ·. -1 

E930 1 
I 

I ~- - ·------- - -1 
I I I I 
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I I I I- - - - - - - - - - - - •• I I 
I I I t I 

1

---------j---~--- - ------------------r--1 : I I I 
I I I f 
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HE902 Heat compensation HE901 

Liquid He 

suppty 

Fig.4.3. The regulation of a module (schematic). The PID (Proportional Integral Derivative) 
controllers, switches and calculated volume are generated by software. HE=heater, L T=Level 
Transmitter, PT=Pressure Transmitter, and CV=Control Valve. The wann retum gas flow for cooling 
the tuners is not shown in this figure. 
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4.2.5 Supply valve eV841 
The pressure before the supply valve (in the manifold) is at present not stabilized by a 
control loop and varies between 1.5 bar abs. and 3 bar abs. The pressure after the 
supply valve, i.e. the pressure in the cryostat, is kept at 1.280 bar abs. using a PID 
(Proportional Integral Derivative) controller. 

The measured leve/ , LT910, is used in the program as input to a PID controller 
controlling the supply valve (eV841) for liquid helium. The measured level value for 
each cavity can also be used in the program to calculate the volume of helium 
surrounding each cavity. This volume can be used instead of the level as input to the 
regulator for positioning the valve. The measured level is more useful because the level 
varies very quickly with little change of volume in the working range of levels and 
leads to a high apparent gain of the control loops in this range. 

The valves both for supply (nom. dia. 10 mm) and for return (nom. dia. 25 mm) use 
equal percentage plugs covering a flow range of 1 :50 with constant relative change of 
flow rate per plug displacement in any position. For historie reasons, non-standard 
plugs were used on the first two s.c. modules in LEP ( 1 and 2 in fig. 4.1 ). 

The first test module (nr.1 in fig. 4.1) had one supply val ve and one return val ve for 
helium to every cavity, thus a total of four supply val ves and four return valves to this 
module. It was found later that it was not necessary to have more than one supply and 
one rerum to a module. 

4.2.6 Rerum valve eV812 
The measured value for the gas pressure is used for a second PID regulator controlling 
the return valve (eV812). (see fig. 4.3). The pressure after the return valve (return 
manifold) is 1.2 bar abs. In the 1.2 kW plant the pressure after the return valve is 
determined by the pressure in the phase separator of the eold Box. 

4.2.7 By-pass valve eV802 
The by-pass valve is always slightly open to maintain some flow even with zero cavity 
supply and to keep the distribution lines cold over the full length. lf the by-pass val ve is 
totally closed, so called Takonis oscillations might be produced due to the temperature 
gradients in the pipes. 

The present values (as of Oct. 18, 1991) for the PID's in the test modules 1, 2 and 3 at 
interaction point 2 are given in table 4.2. 

Supply valve Module 1 Module 2 Module 3 
ev 841 
G 2.0 1.8 1.8 
TI 90.0 s 120.0 s 160.0 s 
ID 0.0 0.0 0.0 
TF 0 .0 0.0 0.0 
Set point 830mm 830mm 830 mm 
Return va lve ev 
812 
G 3.0 2.5 2.5 
TI 10 s 5.0 s 16.5 s 
ID 0.0 0.0 0.0 
TF 0.0 0.0 0.0 
Set point 1280 mbar 1280 mbar 1280 mbar 

Table 4.2. PID parameters for the supply and return valves for the test modules I , 2 and 3. 

27 



4.2.8 Return gas flow 
There is one supply of liquid helium for each module (CV841) but two return gas 
flows: 
- One cold gas return for the main gas flow from the module cryostat helium bath 
(CV812). 

- One warm gas return from the cooling of tuners, screen, and couplers, using as 
supply cold gas from the cryostat helium bath; typically 0.2 g/s is used per cavity. 

A way of calculating the evaporation loss is to use the evaporation formula (19]: 

P=mt x L , where; 
P= Cooling power [W] 
mL = Mass flow 
L= Latent heat (specific energy to evaporate), 18.75 
[J/g] for helium at 4.5 K and 1.303 bar. 

Thus with this formula it follows that each 1 g/s of evaporated liquid helium at 1.2-1.3 
bar abs. of pressure at a temperature of 4.5 K represents about 19 W of refrigeration 
load (evaporation load) if fed back to the heat exchangers as cold gas. 

If the gas is taken back at room temperature it is called a liquefaction load, (warm 
return) and then 1 g/s is experimentally found to be equivalent to about 100 W of 
refrigeration at 4.5 K. 

The total warm return for the three test modules is 2.25 g/s and is used to cool: 

- The tuners (to adjust the cavity frequency by thermal contraction of 2 m long nickel 
bars; see chapter 3) 

- The main coupler, externa! and internal (to extract RF induced heat and static losses). 
- The thermal copper screen around the cavities. This will not be used in the future for 
reasons of construction simplicity. The future caviries will not be screen cooled, but 
will rely on superinsulation. 

The warm return is known from the position of calibrated control valves and is also 
globally measured with flow transmitters. This gas is too wann to be sent to the Cold 
Box to be used for cooling and is instead sent back to the compressor. The values 
achieved for the warm return flow of the three test modules as observed in summer 
1991 are given in table 4.3. 

Flowtransmiuers 807 Massflow [g/s] measured per Corresponding cooling power 
Warm return module [Wl at 4.5 K ner cavitv 
Module l 0.62 15.5 
Module2 0.85 21.3 
Module 3 0.78 19.5 
Total 2.25 18.75 (average oer cavitv) 

Table 4.3. Warm retum flow measured values (30/10/91). 

The total wann return flow from the three modules of 2.25 g/s . corresponds to an 
estimated use of 225 W of cooling power from the cryoplant ( 100 W /1 g/s ). 
This is based on an empirical rule for liquefaction plants in liquefaction mode; 100 l/h 
corresponds to 400 W. Thus this cryoplant can provide 1200 W at 4.5 K 
corresponding to 300 l/h. 

With the 1.2 kW cryoplant a maximum of about 85 W of total refrigeration load (cold 
and warm return) at 4.5 K was available per cavity, in addition to losses in the cold 
transfer lines. After reduction of about 20 W (0.2 g/s) for the warm gas return, about 
65 W (3.5 g/s) could be evaporated as cold return in each cavity. With the more 
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powerful 6 kW cryoplant a total of about 170 W can be estimated, with evaporarion of 
up to 150 W (7.5 g/s) per cavity. The natura! evaporation is about 40 W per module if 
the pressure is kept at the set-point of 1280 mbar. 

The cold retum gas is thus now typically 14 g/s (3.5x4) per module (CV812) and will 
in the future be up to 30 g/s (7.5x4). This gas is collected in the manifold (collector) 
and flows back to the Cold Box to be used in the heat exchangers to cool the warm 
compressed gas from the compressors. 

4.2.9 Hearing 
Each cavity has an electric heater of its own, numbered HE910, 920, 930, and 940 
respectively. To adjust the helium flow across each cavity, the operator sets a maximum 
hearing value. The software program subtracts the calculated RF heating from the 
maximum hearing value given by the operator. The result of this operation is sent to the 
heaters which will heat according to this signal. The RF heating of a module is related 
to the RF power according to the formula (see section 3.5): 

y2 [MV] 
P=0.54 Q [ 

1091 
where; 

P= hearing power, dissipation loss 
V= RF field in MVolts (typically between 4 and 5 MVolts) 
Q= quality factor [109] 

Module 1 Module 2 Module 3 
RF field per ca vi ty [MV] 4.5 5 5.5 
RF field per module [MV] 18 20 22 
RF heating power [W] 125 77 105 

Table 4.4 The RF fields used in 1991 (18] 

The problem using the formula above to calculate the RF heating is that the quality 
factor is not a constant. The quality factor is a variable which depends on the following: 

- The strength of the RF field (see fig. 3.7 in chapter 3). 
- Contamination with condensed gases or dust panicles on the cavity walls causing 

electron activity (see fig. 3.8). 

Addirional cryogenic losses may arise from the following: 
- Beam effects. 
- HOM coupler, if it is not sufficiently cooled to be superconducting under abnorma! 

conditions (insufficient flow or low liquid leve!). 

The decreasing Q value due to the increasing RF field strength will be considered in the 
new program for the heaters. This is difficult to accomplish since each cavity has its 
own characteristics and only an average esrimation can be made. The strength of the RF 
field will be gradually increased up to about 7 MV /m, if possible. The beam effects are 
not yet well known but will be studied during the next runs with circulating beam 
(March 1992). The beam current may be increased by adding more bunches per beam, 
by creating bigger bunches, or closer packed bunches. This may change the frequency 
distribution of the high order modes of the field. For the next runs , the number of 
bunches will be increased from 4 to 8 per beam; thus the beam current will be doubled. 
If necessary the beam effects can be added to the quality factor in the program. 

The regulation of the heaters ar normal operation conditions can be looked upon as a 
fast forward loop which should completely compensate for the hearing perturbation 
effect on the system by the RF field. 
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Fig.4.4 Heat compensation by the forward loop by calculation of the RF heating. 

A constant hearing of a module is desirable for obtaining a constant flow of helium 
through the modules in order to stabilize the cryoplant. The values of the PID 
parameters for the relatively slower regulation of the supply and retum valves can be 
approximated by treating the problem with regulation theory and mathematics, although 
this is not the scope of this thesis. If the forward loop is going to be used one needs to 
know the regulation error in detail. By using the fast forward loop the Q value must be 
completely known (at least better than now). Therefore it is proposed that the Q value 
of a module should be measured at different RF fields and beams experimentally. Even 
if the Q value is not completely known, it is possible to compensate for this regulation 
error by increasing the flow through the modules; thus the flow change due to the 
regulation error becomes relatively small. 

At a field of 5 MV /m the hearing by RF is between 5 and 10 W ( up to 20 W at 7 MV /m) 
per module. This means that the desired heater power of a whole module must be in the 
range of at least 15 W (30 W in the future) to be able to compensate fully for the RF 
field. 

4.2.10 How to find the quality factor by measuring the cryogenic losses 
First the Q value in the formula for the heaters is adjusted with the control system so 
that the pressure remains constant in the cavities when the RF field is switched on and 
off. When this has been done, a verification is made by letting the heaters compensate 
for the RF heat and measure the heating power (by heaters) in the phase separator. If 
the heating of the phase separator remains constant for several minutes before and after 
switching on and off the RF field, this means that the calculated heating from the RF 
field is correct (using the Q value) and the heaters have compensated correctly for the 
RF field. This is done with a constant RF field of, for example, 5 MV. 

The experimentally found overall Q values by measuring the cryogenic losses for 
modules 1, 2, and 3 are given in table 4.5. They are often below those found for 
individual cavities as accounted for in chapter 3. Contamination <luring assembly of the 
module may be one reason. 

Module Q values (experimental) 
1 1.4· 109 
2 2.8·109 
3 2.5·109 

Table 4.5. Experimentally found Q values for complete modules obtained by measuring the cryogenic losses 
[ 18]. 
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4.3 Control system actions at various pressures and levels in each 
module 

4.3.1 Normal conditions 
The pressure is measured by pressure transmitter PT901 or PT902 (spare) and is 
regulated by the return valve eV812. The set-point for the pressure regulator is 1280 
mbar (1250 mbar in the new installation). If the pressure reaches 1380 mbar (1350 
mbar in the new 6 kW installation) the RF and heaters are shut down. 

The level is measured with level transmitters LT910 or LT911 (spare) (LT911 does not 
exist in the future modules). The supply val ve eV841 will open or close depend.ing on 
the decreasing/increasing level. The set-point for the regulator of the level is 830 mm. 

Further, the heaters HE910, 920, 930, and 940 are modulated by the RF signal, V 
[MV], and the operator. The operator sets a hearing value between 0 and 150 W for 
every cavity within the module and the calculated RF heating power (see section 3.5) is 
subtracted from this value. This result is sent to the heaters. 

4.3.2 Safety position 
This position is reached if the pressure becomes higher than 1500 mbar. The 
information 'Fault eavities' is d.isplayed at the control screen of the control system. The 
RF field is shut off. The control valves are forced to automatic mode; the supply val ve 
eV841 closes, the return valve eV812 opens and the by-pass valve CV802 in the 
manifold opens (In the new 6 kW installation the by-pass only opens ifall 4 modules 
on one side is in safety position). Some valves in the Cold Box are also affected (see 
fig 4.1); 
- eV803 by-pass to the eold Box opens 
- ev 131 return intermediate by-pass in eold Box closes 
- eV132 return to phase separator closes 
- eVl 17 to cavities from phase separator closes 
- ev120 cool down valve closes 

(In the new 6 kW installation the eold Box will measure the temperature of the return 
gas and from this make the decision to use it for the heat exchangers for cooling, or to 
send it directly to the compressors) 
The fault is reset by the operator by switching eavities ON-OFF-ON on the control 
screen (Stopped-Run). When this has been done, the ev 131 will automatically open 
slowly according to a ramp. When it has opened completely, the valve eV803 will 
close. 

The val ve ev 117 is again regulated by a regulator and the valve ev120 will be 
controlled by information from the turbines. 
The by-pass valve eV802 closes to 60% according toa ramp and the operator has the 
possibility to control it manually. The supply and return valves to the cavities will now 
again be regulated automatically by the program. 
The heaters retum to automatic control mode and respect the value given by the operator 
before the fault (Safety Position). 

4.3.3 Low heating mode 
The aim of this mode is to make sure that enough cold gas returns from the cavities to 
the Cold Box so that it will always remain in refrigeration mode. The low hearing mode 
may not be necessary for the new 6 kW installation but has been added as a precaution 
and experimental mode to make sure that the eold Box will always run correctly even 
though the levels in the cavities are low. The operator can choose the value of the low 
heating (less than normal heating). The low heating mode is applied automatically if the 
leve! in one of the modules is less than 695 mm or if the level in the phase separator is 
low more than five minutes . 
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4.3.4 Emptying mode 
This mode is for emptying the cavities from liquid helium. The operator may choose to 
empty one or more modules at the same time. The operator may also set a high 
temperature stop value for the heaters. It is possible to empty only when the module is 
in 'Stopped' mode. The hearing value is given by the operator. The supply valves will 
close and the return valve open automatically. 

4.3.5 Stop conditions 
There are three types of stop conditions; 
- Stop. With this kind of fault there will be a stop with an automatic restart as soon as 

the fault disappears. 
- Full stop. This kind of fault puts the control system in safety position. 
- Start inhibit. With this fault it is impossible to start. However, this is only used as a 
condition for first start of the process. 

4.3.6 The hardwired safety 
lf the pressure increases above (960+600)=1560 mbar abs.=600 mbar rel. (PS901) 
some valves will no longer be supplied with process air. Therefore the valves will go to 
their rest positions determined by mechanical springs in the valves. The supply valve 
CV841 to the cavity closes and the return valve, CV812, will open in the affected 
module. The by-pass valve, CV802, will open fully to enable the liquid He to return to 
the phase separator in the Cold Box. In the Cold Box the following valves will go to 
their rest positions (see fig.4.1); CV117, CV131 , CV132, CV120, CV803. (In the 6 
kW installation the valves in the Cold Box are not affected by the hardwired safety of 
the cavities) 

The by-pass valve CV802 will thus open fully even though only one module has been 
affected by the hardwired logic, e.g. one PS901 is open. The heaters are not affected 
by the hardwired logic and may continue heating according to the software since the 
heating done by the heaters becomes negligible compared to the heating which must 
have been the reason for this fault. 

If the pressure does not decrease when, for instance, the retum val ve is stuck, a safety 
valve per cavity (braking pressure 1 bar of overpressure) or a rupture disk per cavity 
(braking pressure 2 bar overpressure) will blow off and the helium gas will be Jet out in 
the LEP tunnel. This is to make sure that the cavities are not damaged by excessive 
overpressure (design pressure 4 bar rel.) [13]. 

4.4 Discussion of regulation problems due to high pressure 
During the test period of the three modules (March 15, -91 to Nov.11 1991) there have 
occured regulation problems related to pressure rise in the helium cryostats of the 
cavities. The pressure is influenced by the supply and return of helium and by heating. 
Unusually high pressure may be caused by different events: 

Local heating of cavity walls due to quenches (see section 3.3) have occurred several 
times. The niobium film becomes partly norrnally conducting by too high RF fields 
related to the degree of contamination and/or low liquid level in the cavities. Quenches 
have not created any serious problems, thanks to quench detectors. In 1991 the RF has 
norrnally been cut by the alarm levels designated for the pressure in the helium baths 
with the aid of pressure switches (slow quench detectors). The fast quench detectors, 
which detect transition to normal state by the associated decrease of RF field amplitude 
in the then normally conducting ca vi ty walls, and which can shut off the RF field in the 
order of milliseconds before tens of kilowatts of RF power are dissipated; they tumed 
out to be sensitive for other kinds of perturbations and have been inactivated most of 
the time. 

There have been other problems related to the HOM coupler (see section 3.2.4). Due to 
an insufficient cooling flow of helium, the niobium in the HOM coupler has 
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accidentally become normal conducting and it has then failed to work properly. As a 
result the extra hearing caused the LHe levels in cavities 9 and 11 of module 2 to drop 
several times. In one case the effects on the refrigerator was so strong that the turbines 
of the Cold Box were stopped and, for a while, also the compressor was stopped ( 11 
Nov.-91). 

A third reason was unusual hearing due to field-emitted and then accelerated electrons 
(electron activity) inside the resonance volume; it may have contributed to the incident 
in Nov. 91 mentioned above. 

It was further observed that modules 1 and 2 were not able to maintain the pressure 
when only the static load was present. This was due partly to an unsuitable type of plug 
in the control valves. In addition, an incorrect mechanical zero adjustment of a val ve or 
a software stop in the control system may have prevented a valve from reaching 
sufficient closure. 

Owing to software faults in certain instances, the heaters have been kept on too long 
when there was already a lack of liquid. The timely switching off of the heaters in 
connection with decreasing LHe levels has not yet been optimized. 

Breaking of the LEP vacuum tube or of the cavity insulation vacuum has not yet 
occurred, but may be possible in connection with accidents in the tunnel (ramrning by 
trucks, breaking of cerarnic windows or rupture disks). This is considered as the worst 
possible accident [ 13]. 

Hearing from the beam may occur; even though this has not caused a problem up to 
now. 

When one of the high pressure cases described above does occur, the plant tries to 
recuperate as much as possible of the He gas into the storage tanks at ground level. lf 
the flow is very high, some gas may also be collected in the balloons, which otherwise 
are used mainly for polluted He gas. 

To avoid long-lasting perturbations of the cryogenic system caused by small changes in 
the heat input to the cavities, the following conditions must be watched: 

The pressure in the LHe supply manifold should be kept within a narrow range. The 
supply valves to the cavities should not open any funher if the lower limit of the 
manifold pressure is reached, to ensure control of He liquid distribution to parallel 
modules. 

Even during reaction co strong perturbations it is essential that the pressure in the 
cavities be kept as constant as possible (e.g. within ± 10 mbar) to avoid unnecessary 
loss of liquid and additional amplification of the perturbation. 

The control conditions are quite different in steady stare (pressure in the liquid helium 
bath within ± 0.5 mbar) and in a perturbated state. Probably different sets of control 
loops settings (parameters) are required to achieve optimal results for these vastly 
different conditions. 

The heaters in the cavities must stop hearing as soon as there is a clear lack of liquid in 
the cavities or a loss of pressure in the supply manifold. 
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4.5 Discussion of modifications of the regulation system for the new 
installation of 1992 
The control equipment for the new 6 kW installation is planned for 2x4 modules, each 
including 4 cavities with their respective heaters. The modules are operated by two 
'Master Pieces', right and left (see fig. 2.6). 

A single Cold Box is located in an asymmetric position and connected to two 
independent manifold systems, each with a by-pass valve (CV802) at its end. There 
will be two RF units (klystrons), each with 1 MW power output. In the old installation 
the theoretical maximum was 100 W cooling power per cavity (Table 4.1 ), and in 1992 
there will be an additional 90 W power per cavity. This extra cooling power will be 
used for compensating for increasing RF fields up to about 7 MV /m, and to compensate 
for lower quality factor and beam los ses. 

As described and discussed below, two modes of bath pressure control are used for the 
s.c. cavities at CERN [20]: 

4.5.1 Regulation in mode one 
During the initial testing and conditioning of the ca vi ty modules, no stable Q values are 
known. It is then convenient to control the bath pressure with the heater while 
maintaining a fixed cold gas output impedance with transfer line valves and retum 
valves in fixed positions. The advantage of mode one is that it is not necessary to know 
the Q values, and varying Q values can be followed <luring processing. 
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Fig 4.5 Regulation in mode one used during initial tcsting and conditioning. 

The position of the return valve must be determined by experiment and adjusted to 
ensure that the wanted bath pressure can be reached, while still remaining within the 
dynamic range of the heater, and without exceeding the available cooling power. 

It would probably also be favourable to have a slow control loop according to fig. 4.6 
where the power used in the heater of the phase separator of the Cold Box is compared 
toa set-point that is determined with respect to the required minimum reserve power for 
controlling the function of the Cold Box itself. This regulator should have a low gain, 
in the order of one, and an integration time of several minutes. 
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The new regulation loop in fig. 4.6 would slowly and automatically shift the return 
valve to a position where the maximum cooling power is made available for dynamic 
use in the cavities. This requires that the pressure set-point for the bath is chosen 
correctly with respect to the rerurn pressure of the Cold Box. 

This extra regulation loop would also cure another problem related to the mode one 
control with a fixed return valve position. Without the suggested regulator from the 
phase separator, the total dynamic loss for the cavities tend to vary with the atmospheric 
pressure. The suction pressure for the compressor set is kept at a minimum with a fixed 
pressure differential versus the atmospheric pressure. In the cavity bath the absolute 
pressure must be stable. Otherwise, there will be a change of RF frequency and tuner 
range in the cavity. With a fixed absolute pressure in the helium bath, the flow through 
the rerurn valve as well as the total dynamic losses for the cavity must vary with the 
atmospheric pressure. 
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heating ·,- - - - - - - - - cva12 

I 
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heating 

Set-point 

: PctJffissure : 
I I 
I I 

~- ~ ------------ - ~ 

Set·point 
leve! 

8 &41 

; 
I 

Module 

Fig. 4.6 Regulalion in mode one where lhe power used in lhe healer of lhe phase separator of the Cold Box is 
compared lo a set-point thal is determined with respect lo a minimum reserve power for controlling lhe 
funclion of the Cold Box itself. 

With some additions to the program, the suggested improval of the control system for 
mode one would also permit reliable measurements of Q values as function of the RF 
field within the total useful range. The mode one regulation was used during the cavity 
tests in 1991, and the improved version is proposed for the test areas in 1992. 

4.5.2 Re~ulation in mode two 
This mode is the best suited mode for normal operation of the cavities in LEP and is 
based on a known P(V) relation for each cavity module. The varying RF signals are 
used for fast forward regulation of the heacers , according to fig. 4.7. 

During operation in LEP in 1991 the Q value was considered as a constanc in this 
mode. In the new installation the Q value should be treated as a function of che RF 
field. A maximum heating value was chosen at start up, and the actual heater power 
during processing was calculated and adjusted by the fast forward loop by subtracting 
the calculated RF losses based on calculated P(V) (see section 4.2.9). 

The pressure of the bath is controlled by the return val ve. This permits the pressure to 
be kept steady also under conditions when little or no heater power is wanced, e .g., 
during refilling the cavity after loss of level, or when measuring the static losses of a 
module at constant pressure in che cavity. 
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Fig. 4.7 Regulation in mode two used during normal operation in LEP in 1991. A fast forward loop is used to 
calculate t.he RF heating power. 

The problem of the mode two control is that the operator has a hard time finding the 
right set-points for the bath heater and pressure by trial and error, so that a maximum 
dynamic load can be used in the cavities. 

For the same reasons as for the mode one improvement, by adding a slow PID 
controller, it would be possible to obtain automatically the best heater set-points for all 
cavities by comparing the necessary reserve heating power in the phase separator to the 
wanted set-point according to fig. 4.8. When this is done, the appropriate pressure set
point is chosen such that the position of the return val ve is in the range of 80 to 90 %. 

Set-point 
phase 
separator 

Set·point 
pressure 

CV8t2 r-1-, 
-~~--: 

I 

separator • 

Set·point 
level 

Phase heaGSting : 

- - - - - - - - - - - PID - - - - - - - - A·B - - - • Forward loop heating 9 : 
1 measured 

----~- --~ • .flf fie.ldJ'lJ_ 

Fig. 4.8 Regulation in mode two with a control loop from the phase separator. The Q value is treated as a 
function of the RF field. 
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In mode two it is also possible to add a third regulator in order to keep the return valve 
in a fixed position by using the heater (see fig. 4.9). The output value of the pressure 
regulator at the return val ve is used as input and a cenain position of the return valve is 
used as set-point. 
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Fig. 4 .9 Regulation in mode two where a third regulator is added to keep the rewrn valve in a fixed position 
by using the heater. 

The third regulator in fig 4.9 must be very slow compared to all other regulators with a 
gain of about one and an integration time of several minutes. The exact values should 
be determined experimentally. 

It should also be possible to exclude the new regulator (by using manual mode) and the 
automatic regulation will work as outlined above according to fig 4.7. The regulation 
system in fig. 4.9 may be a better alternative than the system in fig. 4.8, but one still 
has to choose the pressure set-point to minimize the reserve power in the Cold Box. 

A slightly more complex solution would be to include a fourth PID controller to find the 
pressure set-point from the minimum reserve power in the phase separator according to 
fig. 4.10. 
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Fig. 4.10 Regulation in mode two with a fourth PID cotroller from the phase separator of the Cold Box. 
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Chapter 5. Evaluation of techniques for development and 
specification of eon tro I programs 

5.1 Introduction 
The present control system includes a set of Programmable Logic Controllers (PLC:s, 
e.g., ABB Master Pieces) and supervision stations (e .g., ABB Master View or 
Superview); see section 2.4 and fig. 2.6. In this kind of industrial control system there 
are many different kinds of operational conditions. These can be for example; 
mechanical, physical, electrical or chemical conditions: 

- Process conditions. 
These conditions are defined by the process. For example, the helium level in the 
cryostats should be kept between certain limits. 

- Interlock conditions. 
These conditions are used to protect the equipment from damage. For example, a 
pump should not start if the suction and discharge valves are closed. 

- Interrupt conditions. 
These conditions include, for example, an accidental shut down of electricity supply 
or an emergency stop. Interrupt conditions are not necessarily accidental; a temporary 
process run with a higher speed than the main process is an interrupt condition. After 
the temporary process has finished the main process will continue. 

Development of control programs involves Methodologies, Techniques and Tools. 
Methodologies often use a bottom-up approach, but a top down approach is preferable. 
To reach a top down approach one first must define the Scope i.e., drawing the limits 
of the project. A second step is to carry out an Analysis to define what the program 
should accomplish and third, a Design of how the program is to be made. Finally the 
program is implemented, put into operation and maintained. Techniques are notations 
based on alfanumerical graphical symbols. Tools are basically editors which help the 
programmer (software engineer) in the analysis, design, implementation, and 
administration of his program. 

Over the years many different diagramming techniques have been developed (21]. Only 
a few of these are suitable for applications in automation and process control. Which 
representation one should choose of course depends on the control system that is to be 
specified, and different representations are needed if e.g., the process is sequential or 
not sequenrial. In most cases several different representations have to be made, notably 
when specifying a large programme. At the early stage of a project one may need one or 
more high level representations for overview and general description of what the 
control program should accomplish. At the next stage very detailed information of how 
the program should be made is needed, and this calls for low level representations. 

In section 5.2 a comparison of the diagramming techniques is done on the basis of the 
regulation system for the cavities, using the ABB Master PLC system, but the 
advantages and disadvantages are of a general kind and should be applicable for the 
control programs for any automatically controlled installation. In section 5.3 a few 
methodologies each including many of the diagramming techniques in section 5.2 are 
mentioned. Further, the usefulness of CASE (Computer Aided Software Engineering) 
tools including methodologies and diagramming techniques is discussed. 
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5.2 Diagramming techniques 
Diagrams exist for designing control system loops in order to achieve stable regulation 
systems; others are more specifically concemed with the design and implementation of 
the underlying application software. 

5.2.1 Loop diagrams 
This is a representation for specifying various components of regulation control loops 
(22]. 

Advantages: 
- Loop diagrams are specifically good for specifying PID (Proportional Integral 

Derivati.ve) controllers. 

Disadvantages: 
- Loop diagrams can not be used directly for programming. One also needs other kinds 
of representations to get both detailed and overall information. 

lnverse 

AJ 1------1 PID 

LT 910 ev 841 

Setpoin1 1280 mm 

Al 

PT910 CV 812 

Se1point 1250 mBar abs (for 6kW) 

------t~ PID Switch A-B 

Hea1ers 

Setpoint position ol ev 812 

Fig.5.1. Loop diagrams for lhe regulation of the supply valve CV841. retum valve CV812 and the heaters. 
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5.2.2 Flow charts 
With flowcharts we enter into the domain of designing more specifically the software 
for control systems. A flowchart [21, p. 157] is a graph describing the various 
processes and what information is needed to be communicated in the course of their 
execution. Flowcharts consist of nocies representing the process connected with arrows 
describing the flow of information (data and conrrol information) between the 
processes. The nodes are made of boxes; a rectangular box denotes some kind of 
processing and a rombical box means that a decision is made. 

Fauh SIOO 

Slfety 
position 

Fig. 5.2 Flow chart representation of the regulation of one module. 

Advantages: 

Fauh stop 

- Flow charts are good for representing processes (calculations and logical analysis 
treatment) and iterations. 

- Flow charts can include all information needed for programming. 
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Disadvantages: 
- Flow chans are not good for specifying sequences (step by step) since they will easy 

become too large so the overview is lost. 
- It easily permits uncontrolled loops; i.e. go to programming, which makes the 

program less structured. 

Low heatlng 

Fig. 5.3 Flow chart of the 'Run' slale in fig.5.2. 

5.2.3 Logigram diagrams 
Logigram diagrams [23] (see fig.5.4) describe the relation between all binary boolean 
information inputs to a control system. With these types of graphs one can obtain a 
very precise description of all binary in puts and outputs to a control system. A software 
tool used for making logigram representations is Rag-Time. 

Advantages: 
- Logigrams are good for specifying a program with an abundance of conditions. 
- Logigrams are good for specifying interlock conditions. 
- It is easy to discover a mistake and to change the mistake in the graph. 
- It is almost the same representation as the program for the ABB Master Control 

System used in this application and the programmer needs only to copy the 
specification document to the program. 
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Disadvantages: 
- One can not get a general idea what the system does. 
- It is not gocxi for sequences because there will be too many memory elements (Set-

Reset switches) and logic elements (AND, OR) to specify conditions. 
- It is easy to make mistakes if the specification is of a large volume. 
- It is difficult to understand if one has not made it oneself. If this representation is not 

accompanied by a higher level representation all pages ha veto be read carefully before 
one can possibly understand what the program does. 

High Pressure Switch 

Fault in Pressure Transmitter 

>1 Full StDp of Module 
Pressure Fault Causing Full Stop 

Full Stop of Cavit!es 

& 
Module Acknowledge 

General Acknowledge 

Safety Sta!e 

Run Cavrties 

Run Modute 

Fig. 5.4 A part of a logigram representation for specifying conditions for Full Stop and Safety Position. The 
conditions are given on the left side of the diagram and 'elements in the state' on the right hand side. 

5.2.4 State diagrams 
In a state diagram [21, p.219] the various states in which a process can be are 
described. Each state has to be taken into account by the programs and can be looked 
upon as a new temporary process. The transitions between different states are made 
under well defined conditions. These conditions would be too voluminous to specify in 
this kind of graph. Therefore this graph can only serve as an overview to see the main 
sub-processes within the total process control. A state diagram representation of the 
different states for stop and run of one cavity module is shown in figure 5.5. 

Advantages: 
- State diagrams are good for overview and for clearly explaining the main operational 

conditions for transitions between states. 
- State diagrams facilitate understanding the general idea of what the program does. 

Disadvantages: 
- This representation can be ambiguous and have several interpretations. 
- For the control program of the cavities it seems to be difficult to split the program 

into subprograms and therefore the state diagram does not permit specification of 
details e.g., the conditions for a transition, since then it would become too 
voluminous. 
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Fig. 5.5 A state diagram of lhe different states for stop and run of one cavity module. The conditions to and 
from tlte state 'Stopped' are made manually by tlte operator and tlte otlter conditions are done automatically by 
tlte control program. 

5.2.5 Grafcet dia~ams 
This isa French acronym for state transition control graph, (GRAphe de Commande 
Etape-Transition) (24]. Grafcet is a graphical language showing states and transitions. 
Each stare is represented by a square and the associated action by a rectangle containing 
the description of commands. Initial states have double squares. Transitions are 
represented by arrows between the origin and target states. A state is said to be active 
when the process stays in it, otherwise the state is said to be inactive. Initial states are 
those which are active when the application starts. Transitions show the possibilities to 
leave states, representing the status change of the process. A transition is validated ifall 
the immediately preceding states bound to it are active. Grafcet hasa sequential step by 
step structure and has one transition between two states which can consist of many 
logic conditions (AND, OR). 

Grafcet has three different levels depending on how detailed the description should be: 
Level 1 - General description with mixed text and structure boxes without data. 
Level 2 - Structure with the process data. 
Level 3 - All programming data with numbers and all that is needed for programming. 

If this level is used, other detailed representations should not be necessary. 

Advantages: 
- Grafcet is good for specifying sequences. 
- Easy to modify and change. 
- Conditions are included. 
- More precise and accurate than state diagrams. 
- Grafcet is good fora programmer if the whole specification is made with only one 

kind of graph on different levels. 
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.. 

Disadvantages: 
- This representation can not represem interrupts (e.g., an emergency stop) 
- Somewhat more complicated to read and understand than state diagrams. 
- Not good for representing interlock, e.g., a number of safety conditions applying for 

a motor or a valve. 

The same control program as in fig. 5.5 is shown in a grafcet representation in fig. 5.6 
and 5.7. 

ot Fault 

Empty (chosen by operator) 

jEmptying 

Fun 
Slop 

Fault causing stop 

Fauh 
Stop 

Full Stop 
caused by 
a lault 

Stopped 

FuM Stop 
caused by 
a lault 

Normal Run (chosen by operaror) 

Run 

Fault causmg stop 

FuU Stop 
caused by 
a lault 

Fault 
Stop 

Ner Fault 

Safety position 

Stop by operator 

Fig . 5.6. A grafcet representation (level 2) with the most imponant or imeresting process data of the same 
stop and run states as in fig. 5.5. From each state the operator can make a transition to 'Stopped'. This is not 
shown in the graph. 
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Fig. 5.7 Grafcet representation of the Run state. This include the most important or interesting process data 
for the Run state. 

However, it is not useful to represent for example the 'Hearing + RF' state shown in 
fig. 5.7 with another more detailed grafcet diagram since this state is purely a regulation 
state and does not contain any more states. At the same time this state contains much 
information about PID (Proportional Integral Derivative) conrrollers, set-points, input 
and output which would be too voluminous to specify in Grafcet. Therefore, another 
representation is needed for this information. 

5.2.6 Program Design Language 
Program Design Language, abbreviated PDL, or Structured English [21] isa semi
fonnal way, somewhere between everyday English and programming language, of 
describing a problem solution that is to be implemented in software (see fig. 5.8). 
Program Design Language is providing a textual description of the overall of a process 
as an introduction to the specification. For this purpose one should use a maximum of 
approximately 15 pages; otherwise this part of the specification becomes too 
voluminous. 

Advantages: 
- The flexibility and vagueness are positive features du.ring the initial preparation time 

when the description is outlined. During this time one needs a notation which 
provides the needed freedom . Therefore, explaining in words can be very good for 
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overall description and for capturing the general idea and for explaining for the non
specialist. 

Disadvantages: 
- PDL is often ambiguous. In many cases more than one interpretation is possible and 

the correct interpretation is evident only when one understands the problem. A precise 
description will often become very voluminous. These qualities of PDL are 
unsuitable, especially when the description will be used for programming. 

- PDL can also be too rich and varied. The redundancy, with many synonyms etc, 
means that it is definitely nota notation which a computer program can analyse and 
translate with much success. Because the description should be translated to 
computeriz.ed and analysable form, it is better to choose also other notations which 
are doser to the goal - the program language. 

Conditions for RF 
Necessary conditions to authorize the RF field : 
- Not low level in the phase separato r 
- Cold Box OK . 
- General running comrnand 
- Running comrnand for 4 modules 
- Each cavity module need higher l e vel t han 795 mm 

for start and higher than 695 mm when r u nning . 
- Warm return valves are opened. 

Fig. 5.8 Example of POL for the process conditions for RF field in the cavities. 

5.3 Methodologies for development of software 
In software engineering terms, a methcxiology is based on a structured set of methcxis 
representing a consistent analysis or design philosophy, including definitions, 
conventions and notations, mostly graphical for easy understanding. These methcxis are 
supported by a variety of tools: diagrams and text for documenting and communicating. 
Some of the various methodologies are mentioned below. 

5.3.l Michael Jackson methcxiology 
Michael Jackson diagrams [25] are used together with the program development 
methcxi entitled 'Jackson Structured Programming'. This kind of graph is composed of 
rectangular boxes arranged in a tree structure with levels connected by lines. The 
sequence of the boxes is from left to right. It can be used to show a program structure 
or a data base structure. 
Advantages: 
- Jackson is good for data-oriented program development e.g. databases. 
- It splits a problem into easy to handle parts. 
- It can generate programs by using different kinds of CASE-Tools described in section 

5.4. 

Disadvantages: 
- Jackson is not easy to understand. To become familiar with the Jackson 

Methcxiology, one needs to read a lot of documentation. 

5.3.2 Yourdon methodology 
The Yourdon methodology [26] is based on a set of software engineering ideas 
developed over the past 20 years by a variety of people who ha ve worked at Yourdon, 
Inc. Taken together, these ideas are often referred to as structured techniques: 
structured programming, structured design, and structured analysis. Because of the 
continuing influx of new ideas from new people, the Yourdon methcxi is constantly 
evolving. The method consists of techniques and tools (graphical editors). The tools are 
a variety of graphical diagrams used to model the requirements and the architecture of 
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for example a control program. The most familiar of these tools is the data-flow 
diagram (DFD). The original DFD notation was extended a few years ago to support 
real-time systems; a real-time DFD includes control flows and control processes. While 
the DFD is a good tool for modeling the functions that a system must carry out, it says 
little or nothing about data relationships and time-dependent behaviour. 

5.3.3 Mascot methodology 
The name Mascot is an acronym for Modular Approach to Software Construction and 
Test (27]. The first version of Mascot was developed by Jackson and Simpson during 
the period 1971-75. Between 1983 and 1987 extensive changes to the technique were 
made and the official standard of Mascot was published in 1987. The method 
incorporates: a means of design representation, a method for deriving the design, a way 
of constructing software so that it is consistent with the design, a means of executing 
the constructed software so that the design structure remains visible at run time, and 
facilities testing of the software in terms of the design structure. 

5.4 Computer Aided Software Engineering tools 
If one uses one of the above mentioned methodologies one should use Computer Aided 
Software Engineering (CASE) tools (see fig. 5.9) (28]. With these tools the software 
developer splits the problem into more and more detailed parts using different kinds of 
suitable graphs using top down technique with step-wise refinement. The methods are 
complemented by techniques (graphical notations) and tools (graphical and 
alphanumerical editors). The diagrams are conforming to generally accepted graphical 
notations: e.g., Yourdon/ De Marco for control flow and state transition, Jackson for 
data structure, Chen, ERD (entity relationship diagram), Stevens, Myers and 
Constantine for structure chans. CASE diagrams thus appear to the reader as roadmaps 
through which he can understand the structure of the program and the functionality it 
provides. Structured textual specifications are also entered into a central dictionary 
through appropriate tools. 

Method 

·------ -- - - -- - - ---- -- - - - - - --, 

' 1Tools 

' - - --- -- - - - -- - - - -- - - - -

T emplate code 
Fig. 5.9 The concept af CASE-Tools. Tcmplate code means that the code is finished by 60-90 %. 

The more advanced tools further provide checking for syntactic correctness (not 
semantic) completeness and consistency of the diagrams, and for identifying e.g., 
unlabelled or unbalanced flows etc. StP (Software through Pictures) and RTEE (Real 
Time Engineering Environment) (29] allow the designer to progress both towards 
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higher levels of abstraction and lower levels of detail during his analysis and design. 
The RTEE is a CASE tool produced by Westmount Technology B. V. (Delft, The 
Netherlands). It covers the analysis, architecture, design and implementation phases of 
real-tirne systems developrnent. In rnost cases, the tools will at the end generate pseudo 
code from which C-, Pascal- or Fortran - programs are generated. Unfortunately, there 
are not yet any CASE standards. Each vendor includes and omits whatever it wishes 
based on its own criteria And each vendor would like its implementation to be accepted 
as a standard. Presently, the Intemational Standards Organization (ISO) and the United 
States of America Standards Institute (USASI) are working on establishing standards 
for CASE tools. 

Advantages: 
- CASE rnethods and tools enforce rigourous analysis and design. 
- CASE tools check all design in detail (consistency, cornpleteness and correctness) at 

every step of the project. 
- CASE tools can 'generate' programs with good structure and few faults. 
- CASE documents provide a good basis for discussion between the irnplernentor and 

the customer. 
- The software developers have the possibility to use many different graphs. 

Disadvantages: 
- Long leaming period of several rnonths to become familiar with its use. Only very 

few people will have the patience and the time to learn it. 
- The price of a licence isat least 20-30 kDM but very favourable acadernic licences are 

in general available for research institutes. 
- There are many different CASE tools available, hut no real standard has yet been 

established. This rneans that one can not change tools easily if one wants to. 
- As a final step it generates for exarnple C, C-· ADA, and Pascal, which can be rnore 

difficult to use than logigrarns for programming the ASEA Master system in our 
application. 
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Conclusions 
The stable operation of the cooling baths of superconducting cavities supplied with 
liquid helium from a cryoplant constitutes a complex regulation problem. This is 
evident when considering the characteristics inherent in the construction of the main 
parts of the system and all different conditions in the interactions between them; the 
cryoplant, the cryostats of the cavities, and the RF systems. 

Some experience from running the 1.2 kW cryoplant is available, but the details of how 
the system behaves under various conditions are not well known. Naturally, this 
applies for the new 6 kW installation that has not been tested under operating conditions 
before the coming start up of LEP. 

The control conditions in a perturbated state are quite different from the steady state. 
This means that the regulation parameters should have different settings depending on 
which state is present. 

During perturbations it is essential to maintain a constant pressure in the cryostats and 
in the helium transfer lines. This is to avoid unnecessary evaporation loss of liquid 
helium, with uncontrolled additional amplification of the perturbation. 

Different improvements of the regulation system for optimizing the cooling efficiency, 
stability, and maintenance of the regulation system of the cavities have been discussed 
in this thesis. During initial testing and conditioning, when no stable Q values are 
known, it is necessary to control the bath pressure with the heaters to maintain a 
constant flow of helium. 

It would probably be favourable to have a slow control loop where the power used in 
the heater of the phase separator of the Cold Box is compared to a set-point that is 
deterrnined with respect to the required minimum reserve power for controlling the 
function of the Cold Box itself. Such a loop would slowly and automatically shift the 
retum valve to a position where the maximum cooling power is made available for 
dynamic use in the cavities. 

With some additions to the control program this regulation system also perrnits reliable 
measurements of the Q values as a function of the RF field. These measurements are 
essential to minimize the regulation error in the fast forward loop to be used in the final 
regulation system in the LEP tunnel. In the new installation, the Q values should not be 
treated as constants. Instead, the Q values should be seen as functions of the RF field 
amplitude. If necessary, additional beam effects due to higher beam currents must also 
be considered. For these purposes a lot of testing remains to be done. 

There are many possibilities to make a control program specification for automation of 
the cryogenic system of the cavities. The process control for cooling the cavities with 
helium is not only a sequential process, but also to a large extent a regulation process. 
At the highest specification level it is sequential, and at lower levels a pure regulation 
process. Other processes in the cryoplant, such as the control of compressors or Cold 
Box, are more structured and sequential than the control system of the cavities. In a 
pure sequential process it is possible to use a sequential diagramming technique, such 
as grafcet, both for overview, and for specifying all details. 

For the cavity system it is necessary to choose a combination of diagramming 
representations to be used on different levels of detail. For example, as a high level 
representation, it is possible to use grafcet diagrams, state diagrams, or flowcharts. 
These serve mainly for the overview of the system, since the details of the incorporated 
regulation processes can not be specified in these notations. Which representations 
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should be chosen depends finally on which type of diagramming technique the user of 
the specification is most familiar with. 

The final conttol program specification also requires detailed low level representations, 
which are closer to the programming language. For CERN, using the standardized 
ABB Master Conttol System, the logigram representation has the obvious advantage of 
having a configuration which is very similar to the final program. As a compliment to 
logigrams, it is also possible to use Program Design Language for the detailed 
specification. These low level representations may be accompanied by other 
representations, such as loop diagrams, to give an overview of each regulation loop. 

It is doubtful if the higher level representations are of much use for the programmer. 
One can not presume that a programmer from, for example, an externa! company has 
the knowledge, or the time to learn the details of the process - how the cryogenic 
system works, or the underlying reasons why certain valves should be opened or 
cl osed. 

When developing programs, CASE-tools are recommended for improving structure and 
correctness. Until now, there have been no CASE-tools suited for industrial control 
systems with a set of PLC:s, such as the ABB Master Control System. CERN does not 
ha ve the man-power required to develop such a tool itself. It has to be bought from an 
extemal company outside the CERN organization. Presently, effons are being made in 
different companies to develop suitable CASE-tools aimed for automation and process 
control. 

At CERN, the requirements for software specifications will continue to grow not only 
because of new installations, but also due to increasing demands for new options in the 
old ones. Hence, more specifications are required to cover the immediate needs for the 
cryogenics group as well as for other sections - vacuum, cooling and ventilation, etc. -
and not least for the future LEP-200 and LHC projects. 

It is necessary to ha ve a unitary documentati.on for each part of the control systems for 
the cavities, Cold Box, and compressors, to be used by everybody involved: 
programmers, operators and cryogenic engineers. If there are different documents for 
each category of users the documentation will be difficult to update and may cause 
confusion. 

It is essential that a proper specification method for control programs is adopted at 
CERN. This is to meet the demands of the future, when the number of specifications is 
expected to continue to grow. These specifications should include all details, but at the 
same time be used for overview. When the specification phase is finished, the 
specification documentation should become a description and reference manual for the 
installation. This document should live with the system, and be easy to change 
accordingly. 
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