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Abstract

Les excellentes propriétés diélectriques des fhiifleorocarbures saturées (« SFCs » ; de fornigx(s) ont
permis leur utilisation comme fluides caloportepasir le refroidissement par immersion directe déettronique, par
exemple, de la série deipercomputer€ray. Ces fluides sont aussi utilisées comme mihieur le transfert de chaleur
dans les processus de soudure « non-contact »ame plapeur et pour le déverminage des circuitsréféques dans
une atmospheére uniforme a température élevée.

Leurs grandes transparences aux ultraviolets,itéaflammabilité et non-toxicité ont aussi perméut utilisation
comme radiateurs pour les détecteurs de rayonneniaterenkov ; ces fluides ont aussi servies comad@&teurs
liquides et vapeurs dans hombreuses expériengaisysigue des particules et physique des astropbas.

Les systémes de circulation des fluides fluoroca®@mpruntent souvent des cycles thermodynamgjmeiires
a ceux qui sont utilisés pour les fluides frigayifes récemment développées pour remplacer desdl@&C (chloro-
fluoro-carbures). Cependant, ces nouveaux fluides @ngus pour pouvoir se désintégrer facilemeus $irradiation
ultraviolette stratosphérique ; ils ne sont passtasts aux radiations ionisantes, et ne peuvent gas étre utilisés
pour le refroidissement direct des détecteurs darenvironnement radioactif trés important comnae,gxemple, dans
les expériences aupres du collisionneur LHC au CERN

Les molécules de SFC pures sont par contre extrémerésistantes aux radiations grace a la présimdiaisons
simples de type C-F. Leur utilisation comme fluidedoporteurs en régime évaporatif a été proposietioppé au
CPPM pour le détecteur a pixels de I'expérience ASlau LHC. Plus tard, cette technique a été chaisssi pour tout
le trajectographe silicium de I'expérience ATLAS)sa que pour les trajectographes silicium des agpées ALICE et
TOTEM au LHC. Les expériences ATLAS et CMS utilisaissi les SFCs comme fluides caloporteurs sausefo
liquide.

| Le régime évaporatif exploite la chaleur latente wdgorisation et permet la circulation d’'une masseins

importante de fluide que dans un systeme fonctiohsaus forme liquide. Grace a une viscosité monprtante que
celles de fluides caloporteurs a base de glycol-eae tuyauterie plus Iégere de diameétre réduipessible, ce qui
diminue - par conséquence — le bilan ‘Yo¥u trajectographe.

Une technique ultrasonique pour I'analyse des ngélamle vapeurs SFC a été développée comme alterdala
réfractométrie UV pour les radiateurs Tcherenkovdétecteur SLD-CRID (« Cherenkov Ring Imaging Detee :
détecteur de rayonnement Tcherenkov par focalisagio anneau) a SLAC (Stanford Linear Acceleratont€e
Californie, USA) pendant les années 1980. La tephmia été utilisée plus récemment dans plusieuectdérrs de
rayonnement Tcherenkov, et a aussi trouvé descapipins dans I'industrie pétroliére et dans laifatiion des semi-
conducteurs par le processus MOCVD (« Metal-Org&fsipour Deposition ; fabrication par la dépositatas vapeurs
métallo-organiques). Cette technique a aussi dé¥hamte sensibilité suffisante pour étre utiliséasdBanalyse des
mélanges de gaz utilisés dans I'anesthésie.

L'analyse des mélanges de vapeur par ultrasonsagsurd’hui sous évaluation pour le refroidissemdat

trajectographe ATLAS par mélanges de fluides SFCs.
Le travail de I'auteur dans plusieurs domaines pligption des ces fluides versatiles constituaujetsde ce

mémoire
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Abstract

The excellent dielectric properties of saturatedF(%.,) fluorocarbons have allowed their use in direntriersion
liquid cooling of electronics, including the Cragrigs of supercomputers, and as heat transfer nrediapour phase
soldering and burn-in testing of electronics. THagh UV optical transparency, non-flammability andn-toxicity
have led to their use as liquid and gas radiatatianfor Cherenkov detectors: such fluids have hessd as liquid and
gaseous radiators in numerous particle physicsaatrdparticle physics experiments.

The systems used to circulate and purify fluorboar Cherenkov radiator fluids often rely on therymaimic
cycles similar to those of the refrigerants regerdeveloped to replace chlorofluorocarbons. Sinaehsnew
refrigerants are designed to disintegrate underddposure in the upper atmosphere, they are comdspgly not
radiation-resistant, and cannot be used for dicedling of particle detectors in demanding radiatenvironments,
such as at the CERN Large Hadron Collider. Howether pure saturated fluorocarbon molecules are meiye
radiation resistant due to the presence of onlglsit-F bonds. Their use as evaporative refrigeraats pioneered at
CPPM for the ATLAS pixel detector and has been ehdsr the cooling of all the silicon detectorstlie experiment,
and also for cooling the semiconductor vertex detscof the ALICE and TOTEM experiments at LHC. $adluids
are also used as liquid phase cooling fluids in ABLand CMS.

The evaporative mode exploits the latent heat tiradmy of vaporization, allowing the circulation @lower coolant
mass than in a monophase cooling system of the safrigerative capacity. Coupled with the lowerditacarbon
viscosity - compared with agqueous antifreeze-basedants - this permits the use of narrower dejivtebing to the
detectors, resulting in a smaller ‘%Xontribution to the detector material budget.

Ultrasonic techniques for the vapour phase analgbiiuorocarbon Cherenkov radiators were developsdan
alternative to UV refractometry for the SLD CheremnkRing Imaging Detector at the Stanford Linear éecator
Center during the 1980s. Subsequently the techrti@sebeen used in many other Ring Imaging Chereblaigctors
and also in the petro-chemical industry and for M@@C(metal organic chemical vapour deposition) mastidre of
semiconductors. The technique has also been deratatsto have possible application in the vapowasphanalysis of
gas mixtures used in clinical anesthesia. Such wapbase analysis techniques are again under ¢aiu@r the
possible cooling of the upgraded ATLAS silicon el

The work of the author related to various applmadi of these versatile fluorocarbon fluids is désmd in this
memoire.
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Introduction

Saturated fluorocarbon (SFC) - or perfluoro-carbéinids, of chemical structure E.n+2)- have been used in particle
physics experiments for around 30 years thankbedo excellent dielectric properties, non-flammiilnon-toxicity
and radiation tolerance.

These desirable properties arise from the ‘sanmanf all available sites along the singly-bondsatbon chain
molecule with fluorine atoms, rather than othernaito species - notably hydrogen that might be tafer from
incomplete synthesis of a hydrocarbon precursorb@waFluorine bonds, with a typical length of ardutB0 pm, are
the strongest known in chemistry.

1.1 Production of Saturated Fluorocarbons

The Fowler process [1], is commonly used in the synthesis of SFCs. In a-dtage processobalt fluoride
moderates a hydrocarbe» SFC reaction;

Stage 1: 2Cof+ F, — 2 Cok

In stage 2 a hydrocarbon feed is introduced aratiflated by Cok which is converted back to Cpln the process. In
the example of hexane:

CeHi14 + 28 Cols — CgFy4 + 14 HF + 28 Cof

Industrially, both steps are combined, for examplehe manufacture of the ‘Flutec®’ range [2] of &by F2
Chemicals Ltd, using a vertical stirred bed regatgth hydrocarbon introduced at the bottom, dadrine introduced
half way up the reactor. The SFC vapor is recovédredh the top. Another production technique, then&@s and
Phillips Petroleum electrochemical process [3] gditF as a precursor, has been extensively us&ivbgorporation
for the “Fluorinert” ® range of SFCs.

SFC molecules can exist in the n-state (linear), dod n.amon >3, also in the iso-configuration (branched), as
illustrated in Fig 1.1. The figure also shows owafiguration of a double carbon-bonded molecule. €ach double
carbon bond in the molecule, two less fluorine a@an be accommodated.

- FolLF

F F F F F =

F I | /;\%2’:
F F | | | F F .

F FF F S - FF

(a) (b) (c)

Fig.1.1. Examples of fluorocarbon molecules (caratams not shown, by convention):
(a) Saturated perfluoro-n-butane (nd&o); (b) Saturated perfluoro-iso-butane (if€),
(c) Perfluoro-butene ()
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1.2 Military and industrial uses

The dielectic properties and ood heat transfer characteristics of SFCs lighiaiee allowed them to be used
immersion coolants in applicatio as diverse radar transmitters, (Figs.1.2 & 1.3) and the Cray 2 supercompt

(Fig. 1.4, [5])as well as hot conct environments for accelerated bumtesting of eectronic componeni(Fig 1.5,
[6]). They are also extensively ul in contactless vapour phase soldering of eleics onto printed circuit(Fig 1.6,

[7]). SFCs, particularly octafluopropane (sFg) are also used forilgon oxide etching and the cleaning
samiconductor growth chambers .

7
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2 Saturated fluorocarbon Cherenkov radiators in high energy physics

2.1 Cherenkov radiation

In the early years of the 20century, an unexplained faint blue luminescences Waquently seen in transparent
materials in the presence of radioactive sourcgsl1®38, studies had shown that the light exhib#edontinuous
spectrum, most intense in the blue and ultraviolithout the discrete line structure associatedhwatomic
fluorescence.

P.A. Cherenkov shared the 1958 Nobel prize fordeimionstration [8] that the effect was due to thespge of fast
charged particles, giving rise to a relativistiori&c boom’ that occurs when a charged particlearsas a transparent
dielectric medium (theradiator’) with refractive indexn exceeding unity - i.eother than a vacuumwith a velocity,
[c*, exceeding the phase velocity of lightthat mediumFigs. 2.1, 2.2 & 2.3 illustrate the phenomenohe@nkov
furthermore proposed that the effect could be udefuhe identification of the type of emitting piale.

nof the United Kingdom Atomic-Energy Authority.)

Prate 1. Cerenkov radiation in the water surrounding the core of the ““swimming-pool™* reactor LIDO
at the Atomic Energy Research Establishment, Harwell, England. Reactor power 100 kW. Exposure
10 min at /8 on Ektachrome film, daylight type (Weston speed 10).

Fig. 2.1. Cherenkov radiatio the water moderated LIDO reactor at AERE HdhwéK.
This photograph and caption was used as the beddrifntispiece to the classic 1958 monograph
on Cheren Radiation by J. V. Jelley [9]

Molecules in the medium are polarised by the pass&ghe charged particle. This polarisation isisiant and after the
passage of the charge, the polarised molecules bgl@mitting a short pulse of electromagnetic aéidn. In general,
the wavelets of radiated energy interfere destrabtidue to the symmetrical distribution of the gridation field (fig
2.2a). However, when the particle velocity excebesphase velocity of light in the medium, the efifee shape of the
polarisation field is asymmetrical with regard he fparticle flight direction (fig 2.2b). The de-&ation of dipoles from
this asymmetrical field results in a detectabldyezent wave front of electromagnetic radiation, wnas Cherenkov
radiation after its discoverer.

! Using notation where particle velocit§, is expressed as a fraction of the speed of ligt, wacug B = v/c
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Fig.2.2. The molecular excitationnd de-excitation phenomenon giving rise to the etion of Cherenkov radiation |
a mediim traversed by relativistic charged particlestéaf[9])

Although this electranagnetic henomenon ales at the molecular level, from thelarisation and depolarisation
the medium by the passing char the buil-up of a coherent detectable wave front usceptible to Huygens analy
in the same way as the shock wagroduced by an aircraft exceec the speed of sound.

Fig. 2.3 illustrates, with a Huyins construction, that the coherent wave built by constructive interirence of the
different waveletss projected as icone- analogous to the supersoi@ach cone -having a specific opening ale, 4,

with respect to the particle trajery. The cone angle depends on the ratio of Hréicle velocity Sc to the speed of
light, c/nin the medium of refracte indexn.

(a) V=0.8Vygn inMedium

V Particle Trajectory

(b) V=1.2 VLigh't in Medium

B V Particle Trajectory

A.-\.. (c) V=14Vigm in Medium
2\ AN
NZ O\

77 B V Particle Trajectory

Fig. 2.3: Cherenkov radiation from ast charged prticle in a transparent medium.
In (a), where the particle velocity =).8*c/n, no Cherenkov shock wave can develop. Whe local light velocity is exceed

however, the radiated waves (showty for four points along the particle trajectorgjack up ito a wave front at an angé. to the
trajectory, which increases with velor, (b) and (c) illustrating the cases for 1.2*@nd 1.4*c/n espectively

The particle travels the distance in the same timet, that the light takes to reach poC with speecc/n.

12
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Therefore cod. = AC/AB
co, = (ct/n) / (Bct)
=1/5. (2.2)

It can be seen that the greater thrticle velocity the greater the Cherenkov conde

The threshold above which Cher.ov radiation is produced occurs wr

£ec=dn,
S B =1n (2.2)

The limiting value of Cherenkov ne angle is given when the particle approachespgted of lighiin vacuo
In the limit;

8. = arccos (1/n). (2.3)
For many years after the piorring work of Cherenkov, studies of the radiatiwere mainl concerned with
photographic measurement of itmission ngles in a variety of ‘radiator’ media oélatively high refractive inde
transparent liquids and solids ivhich the light emission is relatively lar— typically in excess of 2000 visib
photms/cm. These early data we¢compared with the theory of energy loss by CHeov radiation formulated in tt

1930’s by Frank and Tamm [10]..

Themean number of Cherenkov oton«<N )>; emitted with energji wis given from tt= theory

alLzZ? 1
< Ny > = T . (1 - ﬁznz(w)) dw (2.4)

WhereZeis the particle chargé, is the radiator length, ared( =~ 1/137)is the fine stucture consta.
Recasting eqg. (2) in more conznient units

<N > = No.Z2L sifé& (2.5)
where

N, =370 cm'eV[c,5°4E) dE. (2.6)

N, is referred to as the globaluality parameter’ of a Cherenkov detector othe energy bandE;-E,) of detected
Cherenkov photonsy), and is arimportant yardstick for judging its performar &E) is a photon energy dependent
efficiency for their detection whicwe shall discuss in more detail la

Fig. 2.4shows the variation ofie Cherenkov light emission angle wilarticle velodgty (here ir ‘everyday units’ of
km/sec) up to the vacuum limit oenser radiator materials (solids or liquids) asefulfor measuring the velocities
slower particles, but it becomesire difficult to measure differences in angle agnce velocity when this excee
~0.98c. ferogel or, for higher erngies, lower density (gas) radiator is necessaryieasure the velocities of fas
particles; Fig. 2.4hows the veloc thresholds and ranges of response of gasesuofdfferent refactive indices. Two
of these are SFCs.

13
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Fig. 2.4. The threshold velocities and angular rarigr the emission of Cherenkov radiation
in a variety of materials.

In a transparent gas, the very low yield - typicddiss than 10 photons/cm at atmospheric pressureportional to
the square of the small Cherenkov angle (eq. 2.5¢quires a long sample of gas, usually more &@am. Since
Cherenkov light is produced with equal intensitgra the whole radiator however, a concave mirrdk aallect and
focus light from all points onto the detector, lasstrated in fig. 2.5.

Transparent Gas

Spherical
e Profile
T G Mirror
i & i
Plane of i Particle
Detecting —»| ) Trajectory
Surface ———
<« Focal Length

Radius of Curvature mcl__,
of Mirror

Fig. 2.5. lllustration of the imaging of Cherenkadiation produced in a gas radiator
using a spherical surface mirror with radius of gature equal to twice the focal length.

For a Cherenkov angk in a gas, the radius, of the Cherenkov ring seen at the light detectimdace depends on
the focal length of the mirror;

r=ftané. (2.7)
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While most Cherenkov detectors use spherical nsrfor ease of fabrication, the DELPHI ring imagi@gerenkov
detector at the CERN LEP'& collider [11] used parabolic mirrors which offeradproved focussing over a wider
range of light incidence angles in a short gasatadi

From eq. (2.2) we can deduce that the thresholdggrie or momentunyp for a particle to produce Cherenkov
radiation depends on its rest mass. The relativistiergy of a particle is related to its normalisetbcity £, (v/c) —

here also defined to be the normalised velocity)(ttireshold for the production of Cherenkov lighaind rest massy
via the Lorentz transform;

E=— (2.8)
1 -p2
Where we may express the particle energy E as;
E =y mo(;2 (2.9)
with y defined as:
1
Yy = —— (2.10)
1 -p2
Using the conventional abbreviated relativistiaffiatism;
E? = p’c® + mc’ (2.11)

and setting ¢ = 1, we find a Cherenkov momentumstioldpy, (GeV/c) for a charged particle species as

Pth = Y Mo (2.12)
for y*>> 1.

Figure 2.6 is an example illustrating the ring raatid number of detected photoelectrons on Cherenkgs as a
function of particle momentum for the 5 lightestinfed particle species in the 5 m Cherenkov rad@itthe CERN

OMEGA RICH-1[12] as operated in 1984/5 with a radiagas mixture of 50%£F/50%N, with refractive index
1.00056.

n=1.00056: 50% N2/50% C »Fg Radiator
L=f=500 cm
rB=1) = 16.7 cm

(cm)

p—t 10
115
{110

.‘_)

(No=

Cherenkeov Ring Radius

| e
20 40 60 80 100
Momentum (GeV/c)

|
(o
Average Number of Detected Photoelectrons
35 cm

Fig. 2.6. Cherenkov ring radii & number of detect#tbtoelectrons vs particle momentum:
CERN OMEGA RICH-1 5 m gas radiator (50%g50%N, , n = 1.00056).
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When the refractive index of a Cherenkov radiasdrigh enough (as in the case of a solid or liquith light produced
in a thin sample is bright enough to detect withelaborate optical focussing. In Fig. 2.7 a con€lérenkov light is
projected onto a detecting surface where it is sseamring. A disadvantage of this “proximity fosung” is the parallax
effect where the Cherenkov ring is still expandasgt passes through the detector of Cherenkov; libis detector thus
needs to either be itself very thin or to have Heg@nsitivity to resolve the Cherenkov angle, aadck the particle
mass to the required precision.

Liquid perfluoro-hexane (§&F4) was used as a thin shell proximity-focussingasatiin the DELPHI RICH [11] and
SLD barrel CRID detectors at the SLACeeLinear Collider (SLC) [13]. It continues this ajmation in the STAR
RICH [14] at Brookhaven National Laboratory (BNIJSA, in the NA35 heavy ion experiment at CERN [&5] in
the ALICE High Momentum Particle Identification @etor (HMPID) [16].

Narrow Solid or

Liquid Sample
— || —
Plane of
Detecting
Surface
Particle
Trajectory

r

|

Fig. 2.7. lllustration of the imaging of Cherenk@diation produced in a thin liquid or gas radiateith projective or
‘proximity’ focussing onto a light detector.

—— i ————]

2.2 The progression toward Cherenkov ring imagidgtectors

Although, as can be seen from Figs. 2.5 — 2.7gé&meral principles of the Ring Imaging CherenkolC[R) detector
are quite simple, its technology required to pregreoward the detectors described in refs [11-G6jed out to be
extremely complex and took many years to matuneceSthe early 1980’s however, a number of largeHRt@tectors
were commissioned at electron-positron collidefSKlat CERN and the SLAC Linear Collider: SLC) afgban fixed
target experiments. RICH detectors have also flewspended below high altitude balloons. More régeRtCH
detectors have been commissioned for experimeritsi&t Examples from the diverse assortment of Riddtectors
with fluorocarbon radiators will be explored in Sen 2.4, while details of the fluorocarbon radrasystems of two
RICH detectors on which the author has worked gagnéned in more detail in section 2.5.

Turning the clock back to the early days of Cheoantletectors in particle physics can reveal thedge of RICH
detectors. In a transparent gas, the very low yigigbically less than 10 photons/cm at atmospherassure — meant
that the emission of Cherenkov radiation in gasas mot observed conclusively until the 1950s whsstgmultipliers
became widely available. Since these were incapablgpatially reconstructing or ‘imaging’ the ringf photons,
detectors operated only in ‘threshold’ mode; a aidgreing seen only when the particle velocity edegkthat of light in
the radiator gas. By increasing the gas pressuffdling with a denser gas, the refractive indexultbbe increased,
making the detector sensitive to slower-moving ipkes. As the need arose for Cherenkov detectositmund the
collision points of particle beams and targetspfravhich particles of several species might betepe@t various
angles, multiple detectors appeared, containingoup hundred photomultiplier/mirror threshold ‘c&llThe rather
large mirrors (typically about 100 sq cm) gatheligdt from a wide area onto a single photomultiplieften making
the light from two adjacent particles indistinguable. The limit on the number of cells and theirafiness was
economic; the high cost of photomultipliers.

Following the 1960 proposal by Arthur Roberts [1i7{yas not until 1962 that technology had advaradfticiently
in the form of position-sensitive electronic imageensifiers, that an image of spatially-separated
single Cherenkov photons from the passage of despayticle was seen in any medium [18]. Since ineagensifiers
were also expensive and had a very limited fieldieWw, there was a clear need for large area, ieesipe detectors of
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Cherenkov light coupletb images which would allow the positions and radii of ipgoften overlapping) rings to t
measured.

High precision gas-filled twalimensional imagers had already been develop the early 1970’s to meast
trajectories tas < 1mm. In these evices, clouds of ionisation electrc— ejected fromgas molecules by an incomi
particle are ‘drifted’ in an electrifield toward a grid of accurately positioned thires (typically 20pum diameter)
held at a positive voltage of sal kilovolts. In the high electric field surroundirachwire, drifting electrons acquil
enough kinetic energy to ioniselditional gas molecules through bombardment, hg to a greatly multiplied an
electronicallydetectable signal. Te trajectoryof the traversing particle is recorded 1g the locations of the wires
which the signals are detected, grom the measured time of ionisation di

A major breakthrough came iL977 with the suggestion of Jacques Seguinot d&lomas Ypsilantis of ollege de
France, Paris, for the addition ofimall amount of photosensitive vapour to the pasiilling gas of a drift chamber t
make an inexpensive Cherenkmht imager with an area of several square m{19]. Two photosensitive molecules
— with the colourful acronyms Th (Tri-Ethyl-Amine) and TMAE (Tetrakis[di-MethyAmino]Ethylene) were found,
with very high photoelectron conrsion efficienciesQ(E), at UV wavelengths whe@herenko radiation is at its most
intense.

In Fig. 2.8 we see thaté windawv separating the Cherenkov radiator medium froe photon detection and imagi
region must be transparent to theotons that ionise the photosensitive molecule. Wavelengt-dependent terrg(E)

240 200 180 160 140 120
100011 | I I I
L Typical Mirror Reflectance .
Al + MgF Loating
80
= i .
8 T (Fused Quartz)
g 60 I~ T (CaF,)
g 40 QE (TMAE) el
o - 4
-
20 I~ ==
QE (TEA) d
0 , dilt Vet o
5 6 7 8 9 10 1
Eph (eV)

Fig. 2.8.TEA is well matched to theansmittance of Calcium Fluoride (Cgk while TMAE is natched to that of quartz, which
much less expensivehe TMAE/quartz combination made possible verydarea RICH detecto
at CERN and SLAC.

of the efficiency parameteN, (eq. 2.5, 2.() is theoverlap integral of terms represent the quantum efficiency of tt
photo ionizeiQ(E), the transparenes of the radiator mediurTg and the windowT.

S(E) = QTRTwRMr] (213)

Converted single photoelectrc are registered in the electronics chain withlsimiectron detection efficiency;,
itself a product of electrostatic d electronics efficiencies. Should the detecta asnirror 1o focus the Cherenkov
light onto the photaonverter, an dditional waveleng-dependent reflectivitiRy; comes into play

Shortly after the early demorations, groups at CERN, the Fermi National Aetor Laboratory (lllinois, USA)
the Rutherford ppleton Laboratry (UK) and the Stanford Linear Accelerator Leatory (SLAC) began seriol
RICH/CRID research programs., e Fermilab group built the first TEA /Calcium Bhide RICH detectc [20]], while
the RAL group -with which the athor was assocted -commissioned the first very lye scale TMAE/quartz detect
at the CERN Omega spectromet2t][
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Fig. 2.9 shows the 5 x 3 m mirror array of the CEQMega RICH, containing 80 hexagonal mirror elemet70
cm diameter and 5m focal length. The mirror coatinfjevaporated aluminium with a top layer of maiume fluoride
were chosen to have high reflectance in the wagéterange 160-220 nm, the TMAE/quartz detectiondvadth and
for tolerance to the radiator gas, which could aonup to 50% perfluoro-ethane f&). Cherenkov light from the
mirror array was reflected onto a focal surfacel6fquartz-windowed Time Projection Chambers (TH&g, 2.10)
containing a hydrocarbon gas (doped with 0.1% TMAH)e single photoelectrons ejected from the TMA&letules
were drifted in a uniform electric field up to 2thdn gas at atmospheric pressure to be detectedbaalized in two
dimensions on an array of 3000 electronically-unstented 2Qum sense wires operating in proportional mode.

1
=

3|

Fig. 2.10. Focal plane array of Time Projection @higers at the CERN Omega RICH (1982-85 version)

Fig. 2.6 showed the threshold and ranges of pariintification achieved in the Omega RICH, opgagatvith a 5m
gas radiator of refractive index 1.00056, corresiioy to a typical mixture of 50%€Es & 50% nitrogen. The
Cherenkov ring radius and the number of photona dng are shown as a function of particle momenatithe typical
achieved performance ofyN 35 cn.

Small-scale prototype detectors operating the TM@Bftz imaging tube combination achievegivalues as high as
90. Such performance was mainly the result of & eareful choice of materials allowed to come iotmtact with the
highly reactive TMAE. The Omega RICH amassed addrgdy of operation experience that demonstratatiatull
scale instrument would only be operated with logmgnt stability (months at a time), even at more nsbdig values, if
great attention was also paid to the purity ofrddiator gas and the TMAE dopant entering the detebetails of the
recirculation system for the gas mixture used s @MEGA RICH are discussed in Section 2.5.1. Theegeeriences
prompted the inclusion of extensive fluid monitgriand purification systems in the second generatfdRICH/CRID
detectors constructed at CERN and SLAC.
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2.3The arrival of Cerenkov ring imaging detectors widmsolid angle coverage.

It was quickly realised that large RICH detectorsuld be needed to completely investigate the newsiph
expected at the Large Electron Positron (LEP) detliat CERN and at the SLAC linear collider (SLOhe experiment
at each collider - DELPHI at LEP [11, 19] and SLDSL.C [13] - was equipped with a ring imaging Chnkev
detector. The SLD Cerenkov Ring Imaging DetectoRI{@ and DELPHI RICH detectors were designed tovjgl®
almost complete particle identification over gredtan 90% of the solid angle, and to identify &les, muons, pions,
kaons and protons at momenta up to 30GeV/c.

Fig. 2.11 shows the layout of the SLD CRID with ainithe author was associated. The detector countédiaerel’
and ‘end-cap’ sections, within a 0.6 T solenoidalgmetic volume. In the barrel CRID Cerenkov photaese either
projected [from a 1 cm layer of liquid perfluorohexane (@F.4)? or focused [from a 50 cm gas radiator of 70%
perfluoro-n-pentane (E1,)% in nitrogen] into rings with maximunB&l) radii of 17 and 2.8 cm respectively, allowing
T/K/p separation up to 30 GeV/c, andtefeparation up to 6 GeV/c. In the end cap CRID anlyerfluoro-butane
(C4F10)* gas radiator was employed, givingtzhresholdof 2.5 GeV/c andvK/p separation for momenta up to about 30
GeVlc.

Barrel CRID / Charged Track
Mirror
Array
Gas Radiator Detector
(CsFi2)
External I e—— 2 Y . !
Field —x~ =
Cage P "_ = s
] rlr Endcap
= 7z I . CRID
/ Drift Box L T :
Liquid Radiator I 3 1
(C 6 Fie ) : ' l
o 47 Chargec
L1 Track
1| 4
Gas Radiator
{CsF 10}

Fig. 2.11. The barrel and end-cap layout of the SIRID, showing the liquid and gaseous fluorocarbaxiators.

Cherenkov photons entered an array of imaging TRmgection Chambers (TPCs or “drift boxes”) thrbuguartz
windows on their imaging surfaces. These preseatedmbined area for single photons of more than’4@nce
inside, the photons ionised TMAE molecules presers carrier gas at atmospheric pressure. In theeb@RID the
carrier gas was ethane ,{€;) while in the end caps, 15%G®as added to £ to reduce the Lorentz angle for
photoelectrons drifting perpendicular to the 0.®leroidal field. The photoelectrons drifted in afarm electronic
field of several hundred volts per cm towards anettes. Fig. 2.12 shows the principle of operatiéran SLD CRID
drift box. One coordinate of each detected Cerengtwton was given by the position of the wire &iak an electron
was detected; the second (perpendicular) by the tivat the electron drifted (up to 1.2 m) befoetedtion (measured
by a fast electronic clock with a 65 ns ‘tick’);cathe 3 coordinate - the ‘depth’ along thepifn carbon anode wire —
was given by the ratio of electrical signals seesensitive amplifiers connected to its two ends.

% Flutec PP1: ISC Chemicals Ltd, Avonmouth, Bristol INGw produced by F2 Chemicals Ltd, Preston, UK.
® Flutec PP50: ISC Chemicals Ltd, Avonmouth, Bristol.Now produced by F2 Chemicals Ltd, Preston, UK.
4 PF-5040: Mfr: 3M Speciality Chemicals St Paul, MNSA
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Fig. 2.12. Three coordinate localisation of Cherenkghotons in a drift tube of the SLD CRID detectmerating with
C,H¢/ TMAE at atmospheric pressure.

Figure 2.13 shows a quadrant view of the DELPHFddaand forward RICH detectors. Unlike in the SLbdecap
CRID the DELPHI forward RICH detector usedFg; liquid radiators, and consequently had better fommentum
particle identification. Fig 2.13 also illustratastime projection chamber/drift box within the DEHP barrel RICH
detector. In this device thérd (depth) coordinate is given by the ratio ofceieal signals seen in cathode ‘pads’;
electrodes etched into the cathode plane and ds/ml®und each anode wire, while the photoelectpooguced by the
conversion of Cherenkov photons can drift up torh.6efore detection at the anode wires.

The major technical achievement of this second mgeiom of RICH detectors was their ability to measthe
position of each single photoelectron ejected fedMMAE molecule. Many of these photoelectrons wiitted more
than one metre through the atmospheric pressuré.3bay,d carrier gas in a highly uniform electric fieldfore being
detected; a requirement that placed even greateanigs on the purity of the TMAE and drift gas tlarthe Omega
RICH with its much shorter drift distance. In peuiar, electronegative impurities (which can abstrbd electrons
before detection) must be carefully removed andgtee frequently monitored. With these precauticacsheCerenkov
photon could be located with a precision of 1 Inemabling the radius of the ring, and hence thecity and mass of
the particle that produced it to be determined a&gurately.

The technological feat of this single-photon RICétattion technique — manifested in this most extreray in the
1.6m long drift TPCs of the DELPHI barrel RICH dettr — remains unmatched in any other detectiochrtelogy.

From figures 2.11 and 2.13 we can begin to appwretiee excellent dielectric properties of SFC fuithe central
(x=0) cathodic dividers of the SLD CRID and DELPIRICH operated at voltages around 80kV and 160kV
respectively to set up starting potential for tbad drift field for photoelectrons. The uniform etec fields in the
TPCs/drift boxes were established with resistivigraded parallel conductors deposited or stretetvedss their
quartz windows, aided by external field cages. lincases naked HV conductors were exposed to S&i@sfl the
problem in maintaining a discharge-free uniformceie field was determined by the surface cleadin®f the
insulators and the quality of the resistive voltdggraders which prevented static charge accuronlati
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Fig. 2.13 Quadrant view of the DELPHI barrel andi@rd RICH detectors (above) and a view of the parahulirors and a
1.7m long drift TPC the barrel RICH showing the ex¢ééfield shaping cage and the multi-wire proportibdatector.

In the following sections we consider some repregese examples of saturated fluorocarbon radiagtotse in various
experiments. For some of these the radiator citiomaystem and analysis technology are examineitail. It will be
seen that these systems have been built on theiexpes gained and lessons learned in the handfirgaturated
fluorocarbons in the DELPHI RICH detector, someredats of which are also discussed.
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2.4Cherenkov Radiators in particle physics and astrojee physics experiments.

Table 2.1 - including data from [22] - details tledractivity and energy thresholds of saturatedrbearbons used as
vapour or liquid Cherenkov radiators in current gmevious experiments. Examples of operationalidetd some of
these detectors are detailed in subsequent chapters

Table 2.1 Molecular weight, refractivity & Cherenkov threstdbr several SFCs, with RICH detectors.

SFC | Mol. Wt. (n-1) x10 Vin RICH Detector
average 4-7eV
CF, 88 488 32 LHCb[23]-R2, PHENIX[24]
CoFs 138 793 25 OMEGA (with 50% J){12]
CsFy; 238 1750 17 DELPHI [11] (barrel), SLD [13] (barreBO%N,)
C4sF10 188 1500 18 DELPHI & SLD (forward), CAPRICE [25] Swordy [26] Baon gondolas,
LHCb-R1, COMPASS[27] HADES [28], HERMES [29], HERR{30], DIRAC [31]
CoF14 288 2.78 1.6 DELPHI, SLD, STAR[14],
(lig) x10° NA35[15], ALICE HMPID[16]

Several of the RICH detectors indicated in Tableuse SFC radiators in unusual ways or in comtonatiith each
other or with other gases. Some examples from Talilare considered in this section.

2.4.1 Fluorocarbon radiators in suspended ballo@mdolas.

Remarkably sophisticated instruments have beemfliomballoon missions from the late 1980s to thespnt day. The
CAPRICE98 gas RICH [25] flew as part of a packagetaining a superconducting tracker at an altitoid&7 km over
New Mexico during May 1998 in a mission to meadie antimatter component in the primary cosmicfhay. The
RICH (illustrated in Fig 2.14) used a 1 metrg-G@ radiator and a MWPC with a

Cosmic ray

i
dll
g
{4

[

| CsFin-high
| purity gas

1000 ma

Spherical |
mitror

Cosmicray

Fig. 2.14 The CAPRICE98,E,( gas radiator RICH detector
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quartz UV window and a TMAE in ethane,{) for photon detection. Two-dimensional readoutdusense wires and
cathode pads. A RICH detector with a 3 gas radiator [26] was flown during 1996/7 by ad@lgio University
group in an experiment to directly identify primasgsmic rays consisting of light nuclei. The imagifrift chamber
used a fused silica UV window with,l 8¢/ TMAE. The proportional wire plane and cathode segtation resembled
those used in the OMEGA and DELPHI RICH detectarg] the SLD CRID. To ensure good transparency b&@oo
nm oxygen and water vapour contamination were remoby circulating the radiator gas through an
chromium filter. Since it was impractical to flusiie radiator volume during the balloon flight tlaeliator was sealed
shortly before launch.

2.4.2. The LHCb RICH detectors.

The LHCb experiment is a forward spectrometer dagethe angular range of 20 to 300 (250) mrad ahbrizontal
(vertical) plane and designed to exploit the lapgeduction cross section of b-quarks at LHC for shedy of CP-
violating asymmetries and rare decays of B hadropbes of new physics beyond the Standard Mdebedellent
particle identification is required for LHCb. Twd®H detectors [23] are employed to distinguish lestvkaons, pions
and protons traversing the detectors in the monmeméunge 1 to 100 GeV/c.

The RICHL1 detector employs atmospheric pressyFg,@as and aerogel as Cherenkov radiators while RIC343
an atmospheric pressure gaseoug @Hiator. Cherenkov photons, emitted in the thieekator media, are focused via
an optical system of spherical and flat mirrorsootfite photon detector planes which are equippel aviotal of 484
Hybrid Photon Detectors (HPDs). In RICH1 (RICH2} thhoton detector planes are split into a top aottbim (left
and right) panels, shown in Fig. 2.15. An HPD csissof a pixellated silicon sensor, bump-bonded teadout chip
and encapsulated within a vacuum photon detectwtdAs enter the HPDs through quartz windows coaidd S20
photocathode sensitive in the visible wavelengtihgea200 nm - 600 nm {~10% (~30%)2at200nm (300nm)}.
Photoelectrons are accelerated through 20 kV armgsdocused with demagnification onto the silicensors.

Central fube
P

Sphertical mirror

Flat mirror

5 | Quariz plane
23 Magnstic shislding

Fig 2.15. Schematic views of the LHCb RICH1 (aeragd GFq radiators)
and RICH2 (CEk radiator) detectors

The LHCb RICH radiator systems [23,32] are illusdthin Fig 2.16. The operational difference betwtentwo

5 Chemical @removal via the reaction 2Cr + 3& 2CrQ;, water removal via 5A molecular sieve.
Mfr: Messer Spectron D-65933 Frankfurt, Germany
http://www.spectron.de/spectron_de/en/produktetspeml/oxisorb/Oxisorb.php?navanchor=1710047
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pressure-enthalpy diagrams of the two fluids. it ba seen that while,E,ohas a boiling temperature of around -3°C at
atmospheric pressure, £fequires liquid nitrogen temperatures to arriveaaaturated vapour of 1 bgy In the
absence of copious amounts of liquid nitrogen, @1 liquefaction-circulation is impractical, thgluit is necessary
for economic and environmentally-responsible recpwd CF, at the end of operation and also briefly duringnig,
when CRis introduced at the bottom of the radiator vegsatiually displaces nitrogen (with a small admigtaf CF)
from the top.

Before the start up and during shutdown periods BACH detectors will be filled with nitrogen gadoth radiator
volumes have two gas inlets and two gas outlets,ajreach at the bottom and on top of the veskelhtgh density
SFC vapour can be filled from the bottom as theeloglensity nitrogen is purged from the top.

The RICH1 GFy, system is designed to circulate 0%m in a closed loop and can exploit thermodynamic
liquefaction of the return gas to -50°C to liquéifie GF,oand allow volatile impurities to escape. The retges is
compressed in the return line before entering épaation plant. Behind the compressor thie,ds liquid and for this
reason the compressor is placed at the surfacepiifiication by liquefaction is complimented by lacular sieve
filters to remove water vapour.

The RICH2 system is designed to circulate ¥8nof CF, with purification by passage through oxygen andewa
vapour filters. Liquid nitrogen driven liquefactias only used during CFrecovery, and briefly during filling, as
mentioned above.

Both RICH radiator gas systems incorporate UV gassmission monitoring and water vapour and oxygen
measurements before and after the purifiers. Tleeipation for residual ©and water vapour contamination in the
radiator gases is < 100-200 ppm. This is more grasethan in the case of a Csl or TMAE photocath@aieexample)
where the quantum efficiency of the photocathodeising at UV wavelengths below 200 nm whergOHand Q
absorption is more severe. Water can be removededwel well below 0.1 ppm using molecular sievéX Inolecular
sieves, together with activated carbon, have bsed successfully in the DELPHI RICH fluid systeradfson 2.4.6) to
remove trace gases that absorb photons in the ersyttl window above 170 nm. Molecular sieves (4A 3Adpores
for the removal of @& H,0 from GF,, & CF,) and 13X (for the removal of all molecules of Kinediameter < 10A,
including G {@3.46A} & H,0 {@2.65A} from GF,0) are presently implemented in the LHCb RICH ggstems.
Activated carbon can be introduced if needed:disaatages are discussed in sections 2.4.4 and.2.4.6

2.4.3 The PHENIX hadron-blind RICH detector at Bdoaven

Figure 2.18llustrates the hadron-blind RICH in the PHENIX expent [24]. This detector has demonstrated

One of two identical arms T e i

All panels made of honeycomb & FR4
structure

terminals| . = A oE O
A A M

Triple GEM
panel  module with Pad detecior plane

Sealing
frame mesh grid

Fig. 2.18. Construction and principle of the PHENIxdon-blind RICH detector.
extremely high efficiency for Cherenkov photon agttn (N, ~ 800) in windowless operation with ¢Berving as

radiator and for photoelectron detection in a GlestEon Multiplier (GEM) device with a Csl photobatde and a gain
of around 5.18 lonization from passing hadrons is trapped omteddes in the GEM allowing for clean electron
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identification in gold-gold collisions at the Brdwmkven Relativistic Heavy lon Collider. Each of ttveo arms that
clamshell the RHIC beam pipe contait® (23x27crf) triple GEM stacks with a mesh cathode. The toprodshe
three gold-plated, perforated GEM layers has a iGaes$odide photocathode deposited. Since the plathocle is
reflective there is no photon feedback. The phatetector is hadron-blind since most of the ion@attharge in the
drift region is repelled away from the GEM stackl allected on the cathode mesh. Proximity focuggsirthe 50 cm
deep Ck gas radiator gives rise to a ‘blob’ of Cherenkdwfons on the photocathode. Readout is via ~ 2000
hexagonal anode pads of diameter 15.5 mm and a2een®; which are comparable in size to the typical Chkos
‘blob’ size (2-3 pads hit, average size 10.%cm

2.4.4 The COMPASS RICH Cherenkov radiator systaittapurification of GF19

The COMPASS RICH-1 uses a 3mFg radiator operating at atmospheric pressure toigeoladron identification in
the range from 3 to 55 Gé&/ in the COMPASS wide-acceptance spectrometereaCBRN SPS. It has a 27 MUV
mirror array and a total of 5.3nof photon detectors in two varieties; multi-andélelTs in the central region and
MWPCs with Csl photocathodes elsewhere (determit@rihe GFj, purity requirement). The radiator volume of
around 80mis continuously swept with £, gas at a rate of about 2’/im Water vapour and oxygen contaminations
are removed byu catalyst filters (operated at 40°C) and 5A mualcsieves (at 15°C); the resulting levels of
contaminatiommre below 1 ppm for @ and below 3 ppm for O

Light transmission values larger than 88% in the\Wavelength domain of the Csl-based photon detedttt5-
210 nm) are routinely obtained. Such high levetsraquired through the use of a Csl photocathodesaiyuantum
efficiency is rising at the shorter UV wavelengtiibe achievement of such high transmissions, i dtfor an average
Cherenkov photon transit distance of ~4.5m) wasenexacting than in previous,&;, forward radiator systems at
DELPHI and SLD, where the Cherenkov photon distaweere much shorter.

It was found, from earliest running in 2000/200atta dedicated cleaning procedure needed to Hedyefore
usage of the commercially availablgRg, which could contain UV-absorbing impurities, particwaf,. [33]. This
pre-use purification procedure went through sevieshtions before arriving at the present configion in which
C4F1ois pumped in a closed loop through activated aadoal 3A molecular sieves to condense in a cofd aB-45°C
from which the gas component is vented away, cagryvith between 10 and 20%Rz,. Figure 2.19 shows this pre-
purification system.

In initial testing during 2001 silica gel, activetearbon, molecular sieve 13X and copper filtersewased. After
several tests it was decided to use the (BASF R3)tbpper catalyst for the chemical removal of @tygia:

2Cu+Q—2CuO

UV transparency measurements (in 1 cm liquid sasyffem the first 20 bottles of 4£,, (around 100rhvapour
equivalent at 1 bagy received from the manufactuteindicated that there were two qualities in teéwery:

e nine bottles showing an initial transparency of 989230 nm could be cleaned up to 65% at 165 niraftu
at 150nm) for a loss in material of ~ 7% ;

* eleven bottles showing an initial transparency 0% at 230 nm for which the pre-cleaning by dating
the material through a set of filters in liquid peaequired several weeks with a loss of mateldalecto 50%,
giving finally 80% transparency at 200 nm (stilltkva rather poor Nlimiting cut-off at 190nm).

For the latter group, the performance of the peaiting was clearly inadequate: an additional lonperature cleaning
step was tested: £, was cooled down and liquefied at -40°C, while etygand other dissolved gases could be
removed with an inert flushing gas such as argaindJthis procedure the oxygen content could baced by a factor

of 10 to 40 and the remainingz, rendered usable.

® PF5040 performance fluid: 3M Corporation
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Fig 2.19: Schematic of the COMPASS RIC}f g pre-cleaning system,

CiFyo

Ny

based on that used for the DELPHI forward RICH

The ongoing successful operation of the COMPASSHRIadiator requires two cleaning steps: the peaing -
performed in a dedicated laboratory with frequeansmission measurements on liquid samples wsiNgJV
monochromator - followed by low temperature clegnin the experimental area using the purificatioit installed in
the radiator gas system (Fig. 2.20).
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Fig 2.20: Schematic of the COMPASS RIC}# radiator recirculator with cartridge
and low temperature purifiers and parallel stirrihgop (see text)
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In the COMPASS RICH radiator recirculator, partlud GF;ocharge is kept in liquid phase inside a storadéebu
allowing automatic headspace buffering of variatiom atmospheric pressure and the compensatioaast | (which
typically are at the level of 8@day). Before and aft€@ OMPASS RICH running periods all thgFg is recoverednto
the storage tank, in liquid phase. To avoid themition of thermal gradients inside the radiatorseésparallel,
compressor driven loop was installed in 2009 amdipes a 20 rith circulation flow.

The levels of @and HO contamination in the radiator are continuouslynittwed while the UV transparency is
frequently checked in an automatsgstem based on a UV lamp, grating monochromaganple cell and PMTs.

The pre-cleaning setup has evolved from that usedhie preparation of the gas for the 2001 run. Bueapid
saturation a change of the copper catalyst filtatemial was needed on a two-day basis. The regi@menarocedure
consisted of flushing with argon for 12 hours a®@2D followed by flushing with “Noxal” (97%Ar/3%jmixture) for a
further 8 hours at 200°C and terminating with ahb2ir argon flush at room temperature. Although epartridges
could be regenerated in parallel with the purifatthe procedure was very time consuming and maBp intensive,
and triggered a search for a different approach.

For the 2002 and 2003 runs, the additional radigésrneeded was pre-cleaned using the refurbisktdPBI pre-
cleaning system, where the raw material is filteirdgas phase (Fig 2.19). This system consists eta of
interchangeable filters of 5A, 13X molecular sierel activated carbon, a pump for circulation amdaling unit for
gas-liquid separation. Thes& gas is circulated in a closed-loop or transfefredh the initial delivery bottle into a
second bottle for storage of cleapF¢ gas. The process is controlled via a PLC-unit,udiclg readout of water and
oxygen analyzers. While the overall losses welkistthe order of 20%, the amount of time needexs wignificantly
reduced. Figure 2.21 illustrates thgF¢ pre-cleaning for the 2002 run. Three different digs of raw material are
shown together with the final transparency afte-gleaning. In all cases the design value of 80%6& nm was

reached.
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Fig 2.21 Percentage transparency in a 1 cm sampliejoid C,;F;pbefore and after cleaning of
three bottles of ¢, for use in the 2002 run of COMPASS RICH1, usingtieecleaning
procedure described in the text: acceptance cioteff > 80% at 165nm
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2.4.5 The ALICE High Momentum Patrticle IdentificatiDetector (HMPID)

The High Momentum Particle Identification DetectetMPID) in ALICE [16, 34] is composed of 7 (1.5 x5) nf
modules, a 15mm ¢4 liquid radiator and photon imaging via 10mf reflective Csl photocathode operating in
quartz-windowed MWPCs filled with methane (gt atmospheric pressure. The MWPCs have a 4mpgitisengap
and analog pad readout. The detector has alreadgrigratedvK separation up to 3 GeV/c and proton identificati
up to 5 GeV /c; a future upgrade should extendntimenentum range to 30 Gé&/by means of 1 m of 4€;, gas
radiator, with a mirror focussed configuration.

Each HMPID module is equipped with three liquidiaaor trays of 1330 (I) x 413 (w) x15 (t) nfrmade of 4mm
thick Neoceran® glass-ceramic material, closed by three 5mm thiokdjfused silica plates forming a UV-transparent
window. Silica rods glued between the bottom phkatd the windows provide the necessary strengthittestand the
hydrostatic load. The tray elements are glued tegeawith Araldite® 2011.

Liquid circulation is via a closed, pressure-retpdiasystem which continuously purifies, fills, riecalates and
empties the twenty-one radiator vessels indepehddrte system consists of

» asurface station with purification, UV transpargmonitoring and a fridge to condense anfgreturning
to the surface as vapour;

» adistribution station located on the HMPID craditside the ALICE solenoid magnet;

* apumping station located in the ALICE cavern, méthe experiment, to return liquidfz,to the surface.

The hydraulics and operating scheme of the liquidutation system is shown in Fig. 2.22. Similaagty
cascades were used previously in thE,Eradiator trays of the DELPHI RICH, the SLD CRIDdatne STAR RICH at
Brookhaven.
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Fig 2.22. The gF,liquid radiator circulation system of the ALICE HMP
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The liquid is continuously pumped at a constanvflate of 235 I/h @ 6.3 bar from the ALICE cavel) (up to a
surface collection tank (2) from where it passe®mugh a purifying station (3) where 13X moleculagve and
regenerable (at 180 °C) carbon active filters reen@vand HO contaminants to maintain liquid transparencybtier
than 80% ah = 170 nm). Sampling lines connected to the purdystation send liquid to a monochromator statin (
for real-time transparency measurement.

From the surface station the liquid flows by grayvit fixed flow rate of 150 I/h, into the tank thfe distribution
station (5). The g4 flows from (5) to the seven groups of 3 small headeks (6, 7, 8) supplying - via independent
lines - the 21 radiator vessels (9, 10, 11) by adscThe header tank cascade system defines aitsl tha hydrostatic
loading of each radiator tray, guaranteeing a lamflow of 4 I/h through each tray without exceegite maximum
working pressure of 140 mbar above atmosphericspres The liquid returns through a vapour separnaimk (12)
into the main storage tank (1) of the pumping stafrom where the cycle starts again.

The liquid circulation system has an argon purgeesy to eliminate air before the trays are filledd to prevent air
collection. Argon is flushed at a flow rate of 3 land along its return lines it collects evolvegF& vapour
channelling it to the surface fridge station (14#here it is condensed at — 40 °C for re-use, tree@as argon being
allowed to vent.
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2.4.6 Technological feed-forward from the DELPHCRI fluorocarbon radiator experience

In this section | highlight a few more of theetours d’expériencefrom the enormous DELPHI RICH experience that
the detectors previously mentioned sections 2@t2.4.5 have built upon. It is far beyond the scopthismemoireto
enter into detailed descriptions of all the DELPdbsystems, nor of the radiator performance, inctu€herenkov
angle resolution etc. of DELPHI or the other RICEtattors mentioned, so | focus instead on SFC tadialated
techniques of interest to future applications,udahg the use of SFCs as coolants for silicon &exk

(i) Purification of SFCs to remove oxygen and watetouagontamination

The DELPHI RICH collaboration probably expended eneffort studies of the compatibility of materialsth
SFCs and in the development and understandingchhigues for the removal of oxygen and water vapoynurities
from Cherenkov radiators than any other collaboratiThe benefit of this study to other users whastilated in the
previous sections. A summary of the present sthtbeart is given collectively in [35] - [37]. Thiis impossible to
emulate: however it is necessary to consider thauitability of some methods of purification in tlentext of
imperfect fluorocarbon molecules and the constsaifithigh radiation, as discussed in the followsegtions.

(i) Elimination of ‘defective’ fluorocarbon molecules

In addition to the need to remove énd HO contamination from SFCs to maximize their UV sparency in the
sensitive range of the photocathode, care is adeessary to verify that the fluorocarbon molecaes indeed fully
saturated and do not contain residual chemicatehed hydrogen in molecules of the formFg..xHx or doubly-
bonded fluorocarbon molecules of the forpi&. While the elimination of these molecular typeswaportant for the
radiator performance of the DELPHI RICH — for whiitte chemical methods discussed below were dewvelepeis
even more important in tracker cooling applicatiovieere SFCs must be ducted through the high radiaieas near
LHC collision points.

The removal of intrinsic or extrinsic hydrogen (estively from non-fully fluorinated molecules dfiet form
CiFens2Hx. Or residual water vapour) — is necessary to efie a source for hydrofluoric acid (HF) generatioder
ionizing radiation. Also the exposure of these rooles to Oxisorb ® chromium or activated coppemlyats can
provoke violent exothermic reactions which can gsaccompanying ‘good’ saturated fluorocarbon rooles while
transforming residually-hydrogenated molecules int@mker double carbon-bonded, ) species [35], [36], which
are more likely to polymerise under irradiation.

Residually hydrogenated and double carbon-bon@=thélecules can both be identified in Fourier Tfarm Infra
Red (FTIR) spectroscopy via their respective charistic absorptions near 3000 and 1784 cnDouble carbon-
bonded molecules of the form,&;, also exhibit strong absorption in the UV range 48IDnm, allowing fairly
straightforward batch qualification, as carried foutthe DELPHI RICH detector [35].

Techniques for the catalytic modification ofFg, molecules were extensively investigated for DELHBS]:
double carbon-bonded molecules were reformed wsipgrmanganate (Mncatalyst with the removal of the MRO
precipitated in the process [33]igure 2.23 illustrates the recovery of opticahsmission in a 1cm sample ofFg,
purified by this technique to remove double carbonded impurity moleculegNote that this procedure does not
remove Q@ and HO contamination which are still present afterward.)

The lack of inertness of the residually-hydrogedat®lecules of the form E.n:2Hx Necessitated development
of less aggressive methods than activated metalyst, for Q and HO removal, through the use of activated carbon
and porous membranes [35,36]. More recent techaitpueemove hydrogenated molecules have centrétleonse of
activated carbon [36, 38] as for example in the GNBS RICH. Activated carbdris an adsorption material with a
less specific surface geometry which has provetiqodarly efficient in removing various geometries hydrocarbon
molecules from process fluids. Many types exisiaped to different requirements. In an examplehef use of
activated carbon [36] (“Filtracarb FY5”) it was fod that some £y batches destined for the COMPASS RICH
detector were contaminated with benzengHgL; as well as other alkanes and alkenes duringtbduction process
[33], [36]. Benzene has a maximum absorption coefficient ard@@nm such that a Faconcentration would reduce
the UV transparency of the,Eoby 5% over a 4 m path lengthenzene has a kinetic diameter of 5.85A comparéu wi
5.6A for GF1,. While 13X (10A pore size) molecular sieves caradly trap GHs, they will also do the same fonEy,
resulting in unacceptable losses of the Cherenkod.fThe GF,o was therefore purified using techniques developed
for the DELPHI forward RICH, using a combinationaiftivated carbon and 4A molecular sieve for tghtlalkanes
(CriHen+2) and alkenes ((E,n). The liquid GF,, was held in a -50°C cold trap and the oxygen paingiéh an argon
flush to prevent it saturating the 4A molecularveiewhich was left available for water and the feghalkanes and
alkenes. The larger hydrocarbons were trapped @rcéihbon with only a trivial loss of they, radiatorfluid [33],
[36].

" See for exampléttp://www.activated-carbon.com/
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Figure 2.23 Recovery of optical transmission (2aihcm sample sample ofFz, purified by a permanganate
technique to remove double carbon-bonded impuritiecules (after[36]).

Membrane filters have also been investigated withexDELPHI RICH collaboration, with excellent résu[35-37]
Thin film membrane development was mainly drivenifgustrial interest in separating, kkinetic diameter 2.89A )
from CH,, CO and N (respectively 3.8, 3.76 & 3.8 A) gas streams. Twaimtategories of membrane systems can be
identified; zeolite molecular sieve films and cormsipe hollow fibre membranes. In [3%] study was made of the
efficacy of hollow fibre membranes for the cleanfgCsF.4 liquid radiator (molecule kinetic diameter 7A). Thiguid

to be cleaned was continuously passed throughapilaries. The permeating molecules with smalkekim diameters

(< 4A) including Q and HO were removed by pumping the space surroundingadpélaries The typical gain in UV
detection starting from a point of around 70% tpamency at 185nm was between 0.08 (start) andfini&H) for each
hour of circulation through the membrane. Fig 2idstrates the use of the membrane to clean tlevigusly
chemically treated £4 liquid (MnQ, catalytic treatment for double carbon-bonded mdks), where excellent
transparency was recovered after the removal pfa@ HO by the membrane. The membrane does not need
regeneration as in the case of a chemicad@ HO scrubber

Tranemission

os

0.2

2060 -~ NIAY

Figure 2.24 Recovery of optical transmission (1aihcm sample sample offz, using membrane filtration following
purification by a permanganate technique (2) to e@mdouble carbon-bonded impurity molecules (aB3&}).
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(iii) Distillation separation of SFC species diffeg by 50 units of molecular weight.

During the long lifetime of the DELPHI Barrel RICthe mild solvent activity of the €4 in the liquid radiator
trays and the &, in the gas radiator gradually degraded some efgthe and elastomer barriers that separated them,
leading to a progressive cross-contamination wilickatened to compromise the refractive indicebath radiators.
In collaboration with an industrial laborat8ry 7.6 m high distillation column (Fig 2.25) wassigmed and constructed
[39] for the separation of{€;,and GF.4. Contaminated (mixed) liquids were collected inoomnmon mixing tank and
fed into a 7.6 metre high distillation column calgabf separating 150-200 kg/hr of the two fluidsatseparated purity
better than 95%. The homogeneously-padkedlumn operated according to the McCabe —Thieléhate The
CsF12/CeFymixture was introduced roughly half way up the cofu Predominantly £54 liquid exited near the 12kW
boiler at the bottom and predominantlyF and from the 5kW capacitysE;» condenser at the top. With a column
operating pressure 125Pa above atmospheric pressdrine boiler (6, condenser) operating at%7 (31°C), 98.4%
CeF14 Was extracted from the bottom, and 96.7%;&from the top.

st
e

e o 0 ;
= column element boiler

|

1130

I8
5

1
*
5 | _
|
i

feed distributon

b

785
- 2ED

All dimensions in mm.

Fig 2.25 Schematic of the vertical column instédlatfor GF;,/CgF14 Separation
at the DELPHI barrel RICH. Mixed liquid feed andrjied liquid extraction points (a);
internal details of the column, bottom boiler ang tondenser.

Such separation technology is likely to be needgdnasoon, in the context of the ATLAS evaporatieeling studies
with mixtures of GFs and GFg (section 5.1) should these blends need to be umhfixe storage or recyclingt is
interesting to note that these fluids also diffenf each other by 50 units of molecular weight. Titare column may
need to be developed with a higher operationalspresin mind, given the greater volatility of theotcomponents.

8 Bayer AG, Zentrale Forschhung ZF-TVG 4, D-51368dr&usen, Germany, (Messrs H. Steude & H-W Kramer).
o Rombopak ® 9M structured large surface area pachitig;Kiihni AG, Basel, Switzerland.
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2.5 Cherenkov radiator sstems on which the author has collaborat

The author has been inveld in Clerenkov radiator systems where addition to their i1se in pure mod¢<SFC vapours
have been mixed with ndiuorocarbol gases (usually )l as pragmatic respons to (surprisingly) mechanic

concerns:
* Omega RICH with 50%M50%C,Fs [12]: hydrostatt loading of a thin radiator indow originally designe for

lighter (N;) gas;
* SLD CRID with 30%N/70%CsF;, [13]: risk of condensation of puresk;, in the 2vent of vacuum failure in tt

liquid argon calorimeter (LAC) ryostat forming the outer wall of 1 barrel radiator.

2.5.1 The OMEGA RICH£E4/N;, radiator recirculator system

Fig 2.26 illustates the OMEGARICH radiator recirculator system uswith C,F¢/N, between 19€ & 1986.

C
arbons

Hydroc

Fig. 2.260MEGA RI(H radiator recirculato system used with,E¢/N, between 1984 and 19¢

The circulator was notompetely thermodynamr in operation (i.e. it did nt implemer an evaporation-
condensation cycleuring radiatc circulation in run conditics). Condensation wasnly us«d to recover the £
during end-ofeperation changeov to a passivN; filling of the radiator vesselThe th-ee distinct phases of opera:

- all of which were required to rrntain a pressure of 1bar abs +1mbar in120nf OMEGA RICH radiator vessel -
were:

» Filling from an inert N , precursor: C,Fg was introduced at bottom of thadiator vessel at a rate of around
5m/hr displacing M from thetop through a vent valve opened only durihis procedureC,Fs gradually
mixed with the Nremainngin the vessel. Ding the fill gas was extracted 'm monitor ports at the top al
bottom of the radiator ssel and sent to a Fa-Perot interferometer, fogvisible wavelengtt refractive
index measurementlt was found thatthe displacement technique cd achieve up to 70% £
concentrationbeyond th¢50% concentratioreeded from physics requireme;
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Pressure (MPa)

Circulation: GC,F¢/N, left the radiator vessel and was passed throughH@D (activated copper and 3A
molecular sieve) filters boosted by a pair of odef compressofSC1&C2 (compression to ~ 3 ha}. A 600 |
Dewar serves as gas buffer volume during this guredchanical circulation;

C,F¢ recovery and radiator passivation with N gas C,Fs was recovered from the bottom of the radiator
vessel and liquefied at -70°C in a Dewar cooledddyd N, gas from liquid boil-off. During this procedure, N
gas was injected into the top of the radiator Med3ering GFs recovery the Dewar headspace gradually
pressurized with incondensable, Neturning at a low concentration with thgFgfrom the bottom of the
radiator vessel. The Dewar could be pressurizech tmaximum of 16 bags incondensable Nwas

periodically “burped” out, without serious loss GfFs whose saturated vapour pressure (s.v.p.) was @roun
150 mbayy,s as illustrated in Fig. 2.27.

_IEBLJJ'Lg-LJ | _..-J 9 kJ*k'ﬂ-E<

C.QDngI

11I-(J.-’kg KI\ Iy 2kakii<| 1000, kg
/ B0, °C
\

20, °C
10,0

1

cst REFRIGERANT R116]
Vie. CTU 2006 !

1,00

T T T 17

T

|
0,100 L— | | i L

Enthalpy (kJ/kg)

Fig. 2.27. Presssure-Enthalpy diagram foiFG

10 Haug SOGX 50-D4 Dry Piston Compressor (rated 3t air, B, 1 barps Pou = 9 barapslimit)
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2.5.2 The SLD Cherenkov Ring Imaging Detectoratadirecirculator systems

The SLD barrel Cherenkov Ring Imaging Detector (BR$ystem was designed to provide particle idezdtfon in
the study of 2 physics at the SLAC Linear Collider (SLC). Thefpemance specification was outlined in section 2.3
Fig 2.11 illustrated the SLD Cherenkov Ring Imagetector. The detector was divided in to threemmséments, a
central barrel and two forward endcaps.

In the barrel region a combination of liquidefe,) and atmospheric pressure gas (70%:£in N,) fluorocarbon
radiators were used, while in the end caps a sinmgistem employed only a,E, gas radiator. All three radiator
vessels operated at a temperature of 40°C, abewaathration temperature of the TMAE photo-ionirethe TPC drift
gases. The temperature control systems were baskigjloly redundant multi-channel networks of Kaptbeater pads
and temperature sensors bonded to the walls ohthator vessel and also on the external end ssfatthe TPCs.

The radiator of the barrel CRID was chosen to Imixdure of 70% GF;5/30% N, due to concerns on the risk of
condensation of puresE;, in the event of a failure of the radiator vessghperature control system. Even in the
unlikely event of such a failure, nitrogen gas doahter the radiator vessel to maintain the ovegue of around
1mbar relative to the atmospheric pressure referpf@.

A particular concern was a possible vacuum failoréhe liquid argon calorimeter (LAC) cryostat whitormed the
outer wall of the barrel CRID radiator and the aggf onto which the mirror support frames were h#dclIn fact such
a vacuum failure did occur due to a split whicheleped in a bellows fitting delivering liquid,No the cooling loop of
the liquid argon cold mass. This bellows was sédah the vacuum space around the cold mass. Timel &&RID
mirrors had been installed but the radiator wakfied with N, during its pre-commissioning phase. It was conside
impractical to empty the liquid argon and warm ke told mass, so instead the vacuum was spoilelliote an access
hole to be cut in the end wall of the cryostattfur bellows to be replaced. During this operattba,inside wall of the
cryostat was exceptionally heated with around 15kitth all circuits of Kapton heater pads powerathtéad of the
few normally required to keep the wall at 40°C twmter the few hundred watts of cold leakage actiossvacuum
space. The repair was a complete success, andteéno$phe safety factor given by the (70%FG/30%N,) mixture, no
further problems were encountered with the cryostéte temperature control system continued to wediably
throughout the life of the detector, accumulatingrenthan 4 million channel hours of operation (@kse section 4.4.2).

The maintenance of the (70%Fg/30%N,) radiator mixture to avoid unacceptable driftsthe refractive index
resulted in the development of a novel instrumentthe continuous on-line ultrasonic analysis of thdiator gas
mixture as an alternative to difficult direct mesesaents of refractive index with extraction to aterferometer. This
instrument, which has been adopted by all majortRtgtectors since, is discussed in section 3.2

Figure 2.28 illustrates the final circulation systef the SLD barrel CRID, which operated with a e of 70%
CsF12/30% N in a unique (to this dayjontinuousgcryo-thermodynamic circulation cycle (condensation/evapon at
temperatures derived from the evaporation of liqutcbgen, rather than SFC condensation duringuegoonly - as in
other RICH radiator recirculators), resulting irdueed consumption of oxygen and water vapour remgp¥ilters
(Oxisorb ® + activated copper and silica gel, resipely). GF;, in the radiator mix was condensed in a vacuum
jacketed counter-current heat exchanger cooled @otd N, gas coming from liquid Nboiloff (A) and held in a
vacuum-insulated cold tank (B) while, ldnd other incondensable impurities - for examplenfdissolved or ingressed
air - escaped from the tank headspace. Tdfg,Gtorage tank was kept at -80°C through heat exghavith cold N
gas evolving from the cooling loops of the SLD LA&GId mass. With a s.v.p. of only a few mbar at B0&F,;, loss
was negligible.

Fig 2.29 illustrates the thermodynamic cycle ons&,£pressure-enthalpy diagram. The circulator operateal
“thermo-siphoh mode (characterised by a clockwise progressiothenP-h diagram) with coldsE;, liquid draining
from the condenser (a visible pressure rise inlithéd phase) into an electrically heated evaparé€), the liquid
column from the condenser being sufficient to n@mtthe evaporation pressure a few hundred mbaweabo
atmospheric pressure.

The GFy, vapour exiting the evaporator was mixed with newnwaN, gas (also derived from MNboil-off) in a
70%/30% ratio by mass flow controllers (D) for rgeiction into the radiator vessel at a flow of 3D4dres.min'. The
thermal motor for this system was provided by tharalant liquid N use of the SLD liquid argon calorimeter. For
example the cold Ngas used to condense theFG was itself pre-cooled in heat exchange with lighiglin an
upstream counter flow heat exchanger.

The GF1/N, mixture being injected into the barrel CRID radiat@s monitored and corrected with feedback from a
custom combined ultrasonic analyzer/flow-meterrimsient described in sections 3.2 & 5.2.
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CRID
e A Vessel
H : 13,000 liters
:E’C ....................................
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-
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Fig 2.28. Schematic and photo of the thermodynafeiments of the SLD barrel CRIBR;,/N, recirculator:
indexing corresponds to text.

The combination of a low temperature condenser widtvity liquid feed to an evaporator and an utiras
instrument for fluid flow and mixture analysis hr@sently assumed great importance in the contexdvaporative SFC
cooling of the ATLAS silicon tracker (Chapter 5).
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Fig 2.29. Thermodynamic cycle of the SLD barrel CRIB1,/N; recirculator: indexing corresponds to fig. 2.27darnext.

38



|G. HALLEWEELL: HABILITATION A DIRIGER DES RECHERCHES|

Thermodynamic circulation in éhSLD barrel CRID radiator was not the fiapproact consideredBelieving that the
DELPHI RICH group was succeully using an axiaoil-lessturbocompressor to circate GsF;, we initially began to
study circulation using a PaxtonJ80 automotive superchari, belt-driven by an eletric moto (Figs. 2.30 & 2.31).
The device gve us months of gif. Drive belts frequently broke with therhine turnng at very high speeds (up
13000 rpm) and the pressure risiuldbarely be controlled by a parallel Bypass witla butterfly valve. Around 90¢
of the total flow was directed arnd the bypass, resulting in progressive heatinthe gas ream, which had to be
cooled by a water heat exchangecated in a buffer tanl

Fig. 2.30. Sepia dPaxton R0 supercharger (horizontal input, tangential §xitrive mytor & belt housing (behinc
The pump alongside wasr watercooling the gas, which was heated by repeatediages through the -pass.

Fig. 2.31.Two views of the Paxton J80 supercharger assembly: L- the high flow bypass wi high Cv butterfly valve; Cent
rear - 300 litre aspiratio buffer tank; Centre above electric mo- the water coold output buffer tar
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Start up and shutdown sequences were also prolienaat at that time we were unfamiliar with the eleping
technology of variable frequency motor speed cdiett® coupled to Proportional, Integral and Detiwat(PID)
controllers now extensively used, for example, Hi_experiment cooling systems. We employed a rathate ‘soft
start’ motor controller and started and shut dovith whe bypass butterfly valve fully open. Afteitial tests with air
we made further studies with Freon 13B1 (CBrHeft over from the SLAC LASS threshold Cherenkdstector.
Dramatic heating around the bypass tubing and tegeheat-related failures of the butterfly valveotonics
eventually led us to abandon this approach in faebthat of Fig 2.27.

The SLD end-cap CRID detectors [41] used gaseaqbg,,Gand as in the case of the Barrel CRID, circutatias
thermodynamic (figs 2.32 & 2.33), using a condeaek operating around -2°C (where thg& vapour

L )

; shut-off vabve; @ : ditferertial pressure  trarsduces;

)
>3
f% s pressure regulator; @ : flow  meter;

<] manual vaive:
Fig. 2.32. The SLD End-cap CRIDR;,radiator recirculation system- schematic
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Fig. 2.33. The SLD End-cap CRIDR;radiator recirculation system- thermodynamics
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pressure is around 1Rhg)y to define the radiator vessel pressures. The exset tank was cooled with a standard
R134A freezer circuit. Accurate control of the cender tank (and radiator vessel) pressure (to drouh Torr) was
handled via immersed heaters in thgFg liquid controlled in response to variations in thensed tank pressure.
Typical flow rates were quite low, around 2.5 I/rpier end cap, giving a volume change every 18 hdims condenser
headspace could be briefly ‘burped’ from time tmdito vent ingressed air, but this resulted in lmissome GF;o.
Unlike the barrel radiator recirculator, this warroperating system was obliged to continuously puhgcirculating
SFC fluid through @ (‘Ridox'® activated coppéf) and HO (silica gel?) filtering devices, using gear pumps.The
filtration through Tank A was continuous, with aahflow extracted for evaporation in Tank B. Bgntrast, the
filtration system of the barrel recirculator - vits much lower condenser temperature and mdiegift venting of
incondensibles - could be operated periodicallg parasitic loop (fig 2.28).

Figure 2.34 illustrates the principal componentsciing differential pressures in the barrel CR#dliator system.
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Fig 2.34 Principal components affecting differehpaessures in the barrel CRID radiator system.

1 Ridox Q5 reactant. Engelhard Co. Elyria, OH44035AUS
2 Sorabead ws: Costal Chemical Co. Pasadena TX 7758, U
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To minimize stress on the fragile CRID TPCs thdedéntial pressure across the quartz windows wasraed by a
triple-layered safety system [42] powered from amterruptable power supply (UPS):

« In normal operation, with analog feedback fromsitare pressure transduc&tshe gas delivery mass
flow controllers (MFC$") maintained’® the correct differential pressure by analog variabf the flow of
the input gases. Redundant pairs of pressure sensmasured the differential pressure between fifte dr
tube common supply manifold and the radiator vessail between the radiator vessel and the external
atmospheric pressure;

« Outside the normal operating bands, signals froesgure transducers were used in a custom processor,
containing a FPGK programmed as a finite state machine, to sequigntigen or close a series of input
flow and overpressure or underpressure relief &lidgased on a comparison of sensed pressure reading
and stored reaction thresholds;

* In the event of failure of both electronic systemdidirectional passive pressure relief bubblérvetd
excess gas to leave the radiator vessel in thet @fean overpressure or to admit air in the evdraro
underpressure.

The normal operating condition was one in which phessure in the TPCs wasl mbar higher than the radiator
vessel pressure, which was itselfl mbar higher than atmospheric pressure. Unitikbé DELPHI RICH there was no
absolute radiator pressure reference, so refraoitkex could vary with atmospheric pressure. Figu&b shows the
safety system reaction philosophy with the actibresholds. Fig 2.36 illustrates the reaction matmnixts full 2-
dimensional implementation, receiving stimuli aridirgg responses to variations in differential pressbetween the
TPCs and radiator vessel, and between the radiatbatmosphere. The valve nomenclatures correspahadse of fig
2.34. In addition to the radiator and TMAE-ladeiftdyas delivery systems a third system was useultge the ‘side
spaces’ of the TPCs. The side walls of the drifickiwere of a two layer construction with a pungece between the
layers, which was continuously purged with meth#@él,), supplied by a MFC. Although leak communication
between the highly electronegative radiator gas taedTMAE-laden UV-absorbing drift gas through ti series
glue joints was expected to be minimal, the sidewgthaust gas was regularly monitored for evideoickeakage in
either direction. The robust nature of the sidecepawidth < 1cm) meant that it was not necessarsefate their
pressure to the radiator vessel pressure withansesmatrix in the same way as the main TPC gasitsirwhich acted
on the full quartz surface area — a referencertmspheric pressure through a bubbler was suffigiestection.

Safety Scheme
Auto Control Isolate rating ilsolate  Control Auto
Add | Add at Output ange at Input Vent | Vent
5.0 -3.0 : i 5.0
2-80 Pz0Tormr 6472A4

Fig. 2.35. SLD barrel CRID pressure safety systeattion philosophy and action thresholds

13 MKS Model 262 Capacitance Manometer + 10 Torr$alile — capable of functioning in the 0.6T soldabfield.
14 Model 258B, MKS Inc., Burlington, MA 01803, USA

5 Via MKS Model 260 PID controller

18 Altera EP1800
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Figure 2.36. SLD barrel CRID gas pressure safgteam response matrix

The barrel CRID gFy4 liquid radiator system is shown in Fig. 2.37. Hystem used only gravity to move the

1 1o All Buffer Volumes
i 1o Atm.
5 N2
-'llllllll_pllllll g
Distribution| | Distribution xﬁ CeFia
Tank Tank Pressure E 72 .
South North Defiing | 3 £8
Bubbler § 2 [FIR-]
S PR Q-
Yoo S
- Condenser |
to Spill Tanks i
Flow
Bubbler L *
L
hA A AAA A A A
] C6F14
~ Liguid
- Reservoir
Lbd—- N
- > For desoxygenation
- f] iquid Tr. : el )
: =
from_Spill Tanks o =
Saf
l&l . i Y ‘Lw Y . Subbler
v y

Main System Sump m

— ¢ CEF14 liquid;,  ewsne  CEF14 liquid drain; v . N2/CGF14 vapor,

Fig 2.37. The barrel CRID 4 liquid radiator system.
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liquid through quartawvindowed rudiator traysCgFy4 Stored in a reservoir tank wasevated by gear pump throt

Oxisorb filters to a pair oflistribution tanks located above the CRIDthe endsof the SLD detectorFrom these
distribution tanks liquid gF14 cascadedunder gravity to spill tanks (overflow devicesiost of which fed only a sing
tray by gravity. The pressure hecin the liquid traywere defined and limited by the Lid levels in the correspondit
spill tanks. The ligid from the triys and the spill tankdrainedinto to a lower colletion sump from which iwas

elevated once more to the main trvoir. A safety bubbler on the suiprotectedhe quatz windows on the liquid tray
from overpressure.

CeF14 liquid was initiallydeoxycenatecby bubbling boiloff N through it. Thigeducedthe G concentration of 250 |
of liquid from an initial level of 13000 ppm to ~20 ppm in around 24 hours. At thist N, bubbling was stopped and
normal circulation through fdsorb comnenced.

The radiator trays, reservoirsd all tubing were filled with |, before startup. ThiN,, together with that used to

purge the liquid in the reservairasallowed to escape to atmosphere through a ve condenser whicrecondensed
any entrained gF14to reduce the Iss

The SLD radiator and drift gesystems were equipped with an extensive seri monitor devices. Figur2.38
illustrates the schematic of one ae three monitor racks (1 barrel + 2 end ¢
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Figure 2.38 SLD gas systems monitor rack (1 of 3)
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The gas monitoring was divided into two separatedes by necessity: electronegative radiator gaarsis could not
be allowed to mix with TMAE laden gas streams. Adguce the TMAE was much more reactive than therfloarbon
radiator gas component, all stream selection valvéise ‘TMAE’ monitoring section (the lower half &ig 2.38) were
of all stainless steel construction with weldedd®g$ seals and stainless steel stem tips. In tl@NN MAE’ section
(the upper half of Fig. 2.38) valve stems coulcob&el-F elastomer. Drift gases were also testethis section before

passing through the TMAE bubblers.

Stream selection was automated and regular: a EP@égrammed as a finite state machine selectedimeam at a
time in the TMAE or NON-TMAE sections to be sentnmnitoring instruments. Purging of the stream @la and
monitor instruments manifolds with ,Ngas interleaved measurements. UV gas cell agd, ®,0'° monitoring
instruments could be baselined with Mference gas as necessary. All pneumatic vahere wiloted directly from

TTL open-collector logic using miniature solenowes®

The UV transmission cells of the TMAE and NON-TMASEctions were mounted in tandem on aphrged UV
monochromatdt illuminated with light from a deuterium larffp(Fig. 2.39). Both cells were equipped Gafindows,
and were preceeded by a Géleam splitter plate for lamp intensity normaliaati Both the transmission and reference
arms used PMTF8with wavelength shifted windows for UV sensitivit@learly when one cell was in use the other had

to be under Blpurge; this was sequenced by the FPGA finite stetehine.

Nz Purge

| P —

It was found that the 2.5cm UV cell for TMAE-ladgases was quite well matched to the expected dixsoipngth
at the TMAE bubbler operating temperature of arodf8C. However a longer cell than the 20cm foredeerthe
fluorocarbon monitoring UV cell would have givergher precision (unlike the DELPHI RICH UV cellsete cells at
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Fig 2.39: the tandem UV cell arrangement of the $jad monitoring system.

7 ALTERA EP1800

18 Trace Oxygen Analyzer (disposable fuel cell), Tgtee Analytical Instruments, City of Industry, CA, NS
19 system 5 Hygrometer, Panametrics Inc., Waltham, MBA

20 Honeywell/Skinner K3P2LO; 0.5 Watts (100mA @ 5VDE&)ar compressed air switching

21 77250 Monochromator, Oriel Corp., Stratford, CT, USA
22| 879-01, Hamamatsu Photonics, Hamamatsu 430, Japan
23 RCA Quanticon C31000N
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SLD were of fixed length, requiring ;Nnormalization for the transparency measuremenfglditional UV
monochromator/cells were later installed in thdroedation plant parallel liquid purification lood§igs 2.28 & 2.37)
to monitor the radiator fluids in liquid phases fagher precision.

The NON-TMAE section of the monitor rack shown iig.F2.38 also contained an ultrasonic cell for gsial of the
gas radiator mixture by speed of sound measureatdaitown temperature at atmospheric pressure 8% cell was
an adjunct to the in-situ radiator monitoring systiscussed in section 3.2.
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3 Ultrasonic Cherenkov radiator gas analysis

3.1 Introduction: sound velocity in gases

The velocity of soundys, in a pure gas at temperature absolute T (Kelsigjven by

- JEG )

where g= [% (Z—;) V]z (3.2)
and f=- g (Z—DT (3.3)

R is the universal gas constant (8.314'd6[™), mis the molar mass in k@, is the specific heat at constant volume
(IK*mor?), P is the pressure (Nf) andV is the molar volume (fh

Taking an ideal gas assumption for the equaticstaiE (EOS) of one mole of gas, viz;
PV =RT (3.4)

and taking partial derivatives, we arrive at thaifear form ;

i =[5 (35)

where y = G/C, and use has been made of the identity linkingribkar specific heats at constant pressure and
volume:

Cp,=C+R (3.6)

Since it neglects both molecular size and interodbe attractions, the ideal gas law is most adeuia monatomic
gases — the noble gases (He, Ne, Ar, Kr and Xwatensities, which includes the range of pressime temperature
conditions seen in Cherenkov radiators. The sintid¢omic species (5 N,, O....) approximate ideal gas behavior
over familiar conditions. However as gas molecllesome larger, molecular size, intermolecular etitvtas and more
complex internal oscillation modes cause their bihato deviate more from that of an ideal gas,uiggqg more
sophisticated descriptions, such as the Van dedd\&@S.

(P+3)(V—b)=RT (3.7)

wherea is a measure of the attractive force between th&eenles and is due to their finite volume and general
incompressibility. For any pure gasandb can be expressed in terms of the critical tempegdt. and pressur@., T,
being the temperature above which the materiaterisly in gaseous form, whatever the pressure:

a4 = 27R2 T2 __RT,
T ear, ' T 8P,

v = %%((1‘#+§)+%(1+%> (3.9)

(3.8)
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Figure 3.1 illustrates the variation of sound vélooss molecular weight for a number of common gases and
fluoroalkanes currently in use as Cherenkov radéato

Sound Velocity vs MW (Gas Classes) 295K

1000

+ Fluoro-alkanes

= Alkanes

» Noble Gases

% Alkenes

x* Diatomics

¢ Triatomics

Sound Velocity (m/s)

‘(F“ Lo + Gamma=1 Limit
. ﬁﬁx\’"‘w. * Rn _ o
C e ™ |7 Gamma=1.66 limit
100 I I ' IR T S C 3F~3&|\x, C 4F10 o
10 100 1000

Molecular Weight
Figure 3.1 Sound velocity vs. molecular weightfarnous common gases and fluoroalkanes

It can be seen that all gases are constrainedlatitydMW space by the upper and lower bounds anrttio of
specific heats Cp/Cv; 1.66 and 1. The expecte@xnis m’> eq. (3.5) for gases exhibiting ideal behavior -
approximated by the noble gases (including helinot, shown on the plot) and the diatomics. Howesethe gas
molecules get more complex they tend toward théyu@p/Cv limit with a steepening velocity/ MW indexisible in
Fig. 3.1 for the alkanes and their fluoroalkanel@gs which have indices approximating -0.55 e&h86 respectively.

A number of more complex EOS have been developeohddel the behavior of specific vapours or groups o
vapours to high precision. These include the Banttfiebb-Rubin (BWR) and more recently the PC-SAFHOS,
both of which have been used in this context.

In the BWR EOC (in common other EOS models of mgades) it is conventional to define a “compresgsibil
factor”, Z;

_ PV

/=
RT

(3.10)

where Z = 1 is the definition of an ideal gas. BWR EOS extends the definition of compressibilitytérms of
dimensionless “reduced” temperatures, pressuresnatat volumed,,P,,& V,;

Py Vs

Z(Tr,Pr) = (3.11)
Tr
where
T _ P _ PV
T, = _Tc , B.= _Pc and V. R,

24 perturbed Chain-Statistical Associating Fluid Tlyeesee also Appendix 1.
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andT, andP, are the critical temperature and pressure resgdgtiThe right hand side of eq. (3.11) may be exiea

in terms of a series of empirical constants. In] [#8se constants were used to predict sound Vigledn pure
hydrocarbons and mixtures of hydrocarbons {GtH;, C,H;o) as at that time the drift gas for the imaging SREthe

SLD CRID had not been decided upon (it subsequestdllgilized for the barrel on the choice gHgand for the end
cap CRID to 85%@H /15%CQ  a mixture not amenable to ultrasonic analysis @uéhé high absorption of GO
around 50kHz). Drift gas extraction (prior to TMAd#gdition via bubble-through) was anticipated asdtectron drift
velocity was expected to be strongly dependent ottune ratio.

An EOS of the form of eq. 3.11 is said to be “gafieed” since it is applicable to almost any gasgé critical
temperature and pressure are known. Generalizedde®Based on the “principle of corresponding statéerein all
gases, measured at the same reduced temperatupeessdre deviate from ideal gas behaviour to @ngesdegree and
have roughly equal compressibility factors. Thigsgiple has found wide application and is reastynabcurate. It has
been further improved however with the introductidran “acentric” factor w:

Z(T,,P) = Z© + wz® (3.12)
Where 2 is the compressibility factor for an ideal ga®iifr example a noble gas) anf’ s the deviation of the

real gas from the simple gas approximatiof?.anhd 2 are similarly tabulated for a wide variety of gas€o facilitate
sound velocity calculations using the BWR EOS, [482d the formulation

-1
v = %%(“%(%)T) (3.19

where the parameters G, C, and(dZ/dP;)r, were calculated for each gas from its critical genature, pressure and
acentric factomw. Figure (3.2) compares the speed of sound prediiin isobutane (o) for the Ideal Gas (X), Van
der Waals €) and BWR @) EOSs with measurements made at Lbhetween 25 and 40°C. It can be seen that the
BWR EOS sound velocities predictions for this rigkdly complex alkane molecule are closest to th@asuements
made with an ultrasonic device described in se®i@n

225 l T i [
X
~ " n
N
=220 .
>_ | =
=
QO
S 215 | J
L
> —
210 | | ] | |
2D 30 ) 40 45
1-B7 TEMPERATURE (OC) E538A1

Fig. 3.2.Speed of sound predictions in isobutangl{g} for the Ideal GasX), Van der Waalsd
and BWRH) EOSs with measurements made at L hhetween 25 and 40°C (after [43]).
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Unfortunately at the time (mid 1980’s) the Van d&¥mals and BWR empirical constants for the fluorboar
vapours were largely unknown, and our guess usemmdtants for CFC freons or (better) hydrocarbohsimilar
geometry to predict sound velocities igFG vapour were less than successful in reconcilintp wur measurements,
as illustrated in Fig. 3.3 [43]. In this situatittle measurements had to be taken as definitive.

105 T I T 1
)
~ b —
$ 100
e =
=
O
C
=
L =
>
85 | ] | ] ]

35 40 45
o TEMPERATURE ~ (°C)  sswoare

Fig. 3.3. Speed of sound predictions in perfluoesdane (GF1,) vapour for the Ideal Gas{(), Van
der Waals ) and BWR)EOSs with measurements at 1 abetween 35 and 45°C (after [43]).

To predict the speed of soulfg in a mixture of gases the simplest approximatigomeihaps to assume that the velocity
is proportional to the concentration by weighttef tomponents:

2iXi piVi

==ttt 3.14

m XiXi pi ( )

whereX;, g andV, are the fractional concentration, density and thend velocity (tabulated or measured) in the plire i
component respectively. This formula has the adgmtof simplicity and freedom from dependence dnltaed
thermodynamic data. The formula is accurate (~0.f¥%}pufficiently ideal gas mixtures, for example @onsidering

the three principal components,ND, and Ar), but is much less accurate (error ~ |-3g)redicting the velocities in
non-ideal hydrocarbon or fluorocarbon mixtures.

It is possible also to construct a mixture veloddymula from more rigorous considerations and gitabulations of
specific heat data where these can be found. $nithy the ratio of specific heats for the mixturas be expressed as:
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Cp,, _ iXi Cp,
CVim 2iXi Cy;

Ym = (3.15)

Where, to reasonable approximation in the absehdetailed G data, use can be made of the identity (based on eq

(3.6));

Ym = 1+ m (3.16)

The results for pure gases in [43] suggested ttmeraccurate velocity predictions can be achievel the use of
realistic gas EOS in which the sound velocity puae gas could be predicted from its critical terapge and pressure,
under both the VDW or BWR EOS. The Lee and Ked¢iezd-parameter correlation scheme, in which engliriixing
rules determine a “pseudocritical” temperature gnelssure and “pseudoacentric” factor was invoked48j for
mixtures of light hydrocarbons of potential intgréo the SLD CRID.
In this scheme the critical volumég;, of the I" component were given by

\éi = Zci RTci /Pg; (3.17)

where Zci = 0.2905 - 0.085w (3.18)

The first numeric factor in eq (3.18) represents cbmpressibility factor of an ideal gas at itdical point, while the
second is the average empirical compressibilityatan for the light hydrocarbons.

The pseudo-critical volume of the gas mixtuve,, is given by a molar concentration weighted sunwnaover all
component combinations:

1yn n 1/3 1/3 ’
Ve = 5 2i=1-2j=1Xi Xj Vci +VC]- (319)

m 8 -

while the three correlation parameters are defimed

1 1 3 1/
LY XX (Vci/3+V/3) (TCi ch) 3 (3.20)

G
n
Wy = ZXi w;
im1

Pcm = (0.2905 - 0.085WRTGWVem

Cm — 8Vem

The pseudocritical temperature and pressure caappked to the BWR EOS (eq. (3.11)) and to the dan Waals
EOS (eq. (3.7)) using eq. (3.8).

Figure 3.4 compares the sound velocity measurenoaisthe full dynamic range of methane (Lhh isobutane
(C4H10) — a combination of interest as a possible drés dor the SLD barrel CRID - with the almost ideati
predictions of the BWR and Van der Waals EOS (datiel) and density weighting (dashed line). Theeagnent of the
BWR and Van der Waals predictions was unsurprisinge they used the abundant thermodynamic paresnitat
existed for hydrocarbons. Figure 3.5 comparessihend velocity measurements over the full dynamaicge of
perfluoro-pentane (§F;,) in nitrogen (N) that could be encountered in the SLD barrel CRé#diator with the
predictions of the BWR and Van der Waals EOS antsitie weighting. The lack of agreement with the megaments
was unsurprising due to the lack of thermodynami@meterizations for SFCs during the mid 1980ss Ehuation has
considerably improved in recent years for the BWBSEwhile more recently the PC-SAFT EOS has beanddo be
very precise, and is now used for SFC mixture téatis in the current context of ATLAS evaporatosling.
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Fig. 3.4. Comparison of sound velocity measureman®9°C in methane(Chlisobutane(GH,o) with predictions
of the BWR & Van der Waals EOS (solid line) andisity weighting (dashed line) (after [43]).
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Fig. 3.5. Comparison of sound velocity measurematdd °C in perfluoro-pentaneE,,)/nitrogen(N) with predictions of the

BWR EOS () & Van der Waalgf) EOS and density weighting (X) (after [43]).
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3.2 Ultrasonic gas analys developments for the SLD barrel CRID tiator

In the SLD CRID - as a rapid, dime, ring data-independent alternative to the difficulasurement of refractive index
via vapour extraction to an interometer- a network of 6 pairs of ultrasonic transers was installed at 3 differe
heights in the barrel radiator vesasing lines of sight existing between the rows afors,as illustrated in Fig. 3.6.

Gas Radiator

(Cs Fy2/Np Mix) ‘\ /‘
/ Mirr
i or
P Midplane Array
External Drift Box
| Field Cage

Fig. 3.6 Ultrasonic Ihes of sight in the SLD barrel gas radiator v&g®ne of 6 such pair

The systen was based on the laroid 60( instrument gradd5kHz ultrasonic transcer”® developed for auto-focus
cameras during the early 19808 very successful development that also has fose in robotic and production lit
position sensing applications. \ were also very surprised that this transduceild withstand evacuationnd
pressurization to more than 6 hawithout loss of repeatability of operatio

Figure 3.7 illustrtes the main cmponents of the electrost: transducer. The replate with the spiral groo' allows
gas to enter and leave from bed the diphragm, equalizing the pressure amtbwing operation over the wic

pressure range.
=—— Inner Ring
)
]
Retaginer [ Grooved
g:qr'\al /
ontact
g 4

Housing —=

Fig. 3.7. Exploded view of the Polaroid 6000 instrument gradeadtnic transduce

25 Now marketed by SensComp, In@6704 Commerce Rd. Livonia, Ml 48150 USA htwww.senscomp.co
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Figure 3.8illustrates the frequencrange and directionality of the transduce the SLD application the directionality
was notparticularly important sice the device was operated in a non-resonant-tififégght mode with straight-
forward detedbn of the first arrivilg pulse.

IV—TECHNICAL SPECS

NOTE: These cu " rrtaty by. Indridual « differ,
A. ELECTROSTATIC TRANSDUCER—INSTRUMENT GRADE ity s el

General Description
This el atic transducer is specifically intended
frequen he assombly comes complete with a perfor
z
S
= ¥
4 r
Sokie »
1090
wa 0% e~ -
oA
g
Specifications 1
Usable Tr Sea Graph
Usable He Frequency Hange See Graph
Beam Pat See Graph
Minimum al 50 kHz 110 9B
m Receiving Ssansitivity at 50 KHz aB
150 vdc bias (dB re 1 w/Pa)
Suggested DC Bias Voltage 150 v
at AC Driving Voltage (peak) 150V
400V
330-410 pt
2°-1480" F
5%-95%
Gold -~
Flat Black

41
[
i
i
i

Specifications subject 1o change without notice

Fig. 3.8.Frequency rage and directional sensitivity the Polaroid 6000 ltrasonic transduce

The original Polaroid 6000 trarlucer was purchased as part of an applicationtiith included identical electroni
to that used in the commercializcamera. The transducer was driven with a ‘chif 8 sinusoidal pulses of 45k
sound through a transformer coung. Since the cameiautofocus system relied on austic echo timing, the read-out
electronics was blanked for a pel of 1.5ms starting from the fircycle.

Since it was anticipated in SLD mount transducers in omplicated volume, echoning was replaced with line «
sight transit time measurement n distincttransmit and receive transducers. This the advantage of allowing tl
transmit and receive transducersbe individually biased with DC voltagup toa maimum of ~360V, the high bias
being particularly useful in increaxg the sensitivity of the receiving transdi for absontive gases, particularly G,.

Local driver and amplifier/disiminator boxes were mounted as close as po:to each transducer pair, and
connected via short coaxial cabl The drivers of all transducer pairs were sinmdtasly sent trainiof 8 ECL pulses
at 45kHz; bi-polateCL being chcen to allow long transmission distances of upan froma central multi-channel
clock moduleimplemented in CAIAC. Figure 3.9 illustrates the local drive circuit apalckaging together with the 8
cycle ‘chirp’ generateth responsetothe ECL drive signal.

The capacitor C2 is charged been chirps and provides the energy storage fcchirp duration. The voltage dec
superimposed on the square wagkirp (top scope trace in fig. 3.@llows more enery to be put into the firssound
cycle — hopefully the first tarossthereceiver threshold -and less to subsequent c2s, helpingo reduce amplifier
saturation effects.

Figure 3.10llustrates the sonaiming cycle: synchronous with the emission o first sound cycle a fa(4MHz)
readout clock is startl. The clocks stopped by when the threshold of the receianplifier/discriminator is crossed
and the number of counted pes and the int-transducer distance used to cidate the sound velocity. Tt
amplifier/discriminator, shown irFig. 3.11, was similarly packaged to the drivend connected to the receivi
transducer i a short coaxial cabl Analog threshold and bias voltage were senaaereened multi twisted pair cat
and the ‘threshold crossed’ signaturned as an ECL signal to stop the channealissittime clock in the central cloc
module.
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Fig. 3.9. Local ultrasonic drive ciitand packaging.
Driver response (blue trace) to 45kHz ECL pulséntigellow trace)
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Fig. 3.10. Sonar Timing Diagram (one channel ofdtiple channel implementation)
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Fig. 3.11 Local amplifier/discriminator schematidthwtypical pre-comparator amplifier output:
receiving transducer at ~80V bias in air at 1 ha(blue trace).

The ultrasonic channels installed in the SLDrélaCRID 13ni radiator vessel revealed significant stratificatio
effects during the replacement of the phassivation gas with the 70%Rz,/30%N, radiator mix and also later during
CsFiorecovery to the storage tank (and refilling theiaat vessel with By.

The example in Fig 3.12 illustrates the homogditnain the radiator vessel during replacement fed N,
passivation gas with the first fill of the 70%HRg,/30%N, during the SLD ‘engineering run’ of August 199heTcolour
highlighting of the plots in theignettesof sound velocitys elapsed time for the 5 operating sonar pairsnfses from
the engineering run logbooks and now the only CRi@ator documentation surviving from that evemresponds to
the indexing of the ultrasonic channels in the figu

The vignettes illustrate how the middle and bottegions of the radiator vessel homogenize withguad 8 hours
while the upper region requires a further 74 h@urs5 volume changes at a nominal flow of 401/min).

In August 1991 the radiator vessel was supplietth was through four 1%2" tubes at the South endeadmhusted
through six 1%%" tubes at the North end. The initigdirostatics was very efficient at displacingtly the heavy mixture
in the lower half of the vessel, but much less @otie upper half, where there was no ‘high-up’at pipe for
hydrostatically advantageous Bixpulsion.

Later, during the replacement of the radiator mithw, passivation gas the lower pairs of sonars didimtitate
the nominal speed of sound for nitrogen until mibi@n two weeks after the start. The hydrostatfdsjecting N, at
‘middle and low’ was inefficient at displacing theuch heavier €/N, mixture; N, tended to skip over the surface of
the cloud of heavy /N, mixture, only slowly depleting thesE;, concentration.

Following the 1991 engineering run the entry anid teoing was reconfigured; two entry tubes and exbaust tubes
being moved from their irrelevant mid positionsnw high entry and exhaust points, with additicevdernal valves
added to define the flow configuration for a lightheavy or heawp light gas replacement.
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Fig. 3.12. Homogenization of the radiator gas migtin the SLD barrel CRID during the replacemeritthee N
passivation gas with the active 70%F¢/30%N radiator mix during the 1991 SLD-CRID engineering.
The input and output tubing were subsequentlyrrigored to reduce these stratification effects.

While the value of the sonar radiator gas analgsisame apparent during the SLD engineering rurpatential
was exploited further during the operation of tletedtor as an on-line monitor of refractive indstarting from a look
up table of GF,/N, mixture ratiovs sound velocity based on the fitted measurerigsimwn in Fig 3.5 [43] and using
this in conjunction with the known refractive indgof the two pure components at the operating eéegyre, Bsri» =

26 As previously mentioned, the thermodynamic paranseior use with the Van der Waals and Benedict Wriliin equations of
state for fluorocarbons were incomplete duringB80s, (by comparison with those of hydrocarbons)gonsidered our own

measurements therefore as definitive for radiataheis. Today the thermodynamic parameters farfloarbons are much better
known.
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1.00176, R, = 1.000298, the refractive index of the radiatas guixture could be determined for any measuredungx
ratio;

(Mraa = 212:1( n; x mi) (3.21)
Wherem is the sonar-measured fractional concentratiaff obmponent in the mixturg = 2)

From this plot of the Cherenkov threshold for egeélnticle species could be determined as a funaifotine sound
velocity measured in the radiator gas, as illusttan Fig 3.13.
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Fig.3.13. Cherenkov thresholds for particle speeiesneasured sound velocity in éFG/N, radiator gas at 40°C
(SLD CRID operating mix = 70%E1,/30%N, ).

Sonar radiator analysis was continuously used daadependent check on refractive index. As datatpkrogressed
and confidence with the SLD barrel CRID radiatatineulator and the vessel temperature control sysieew, the
CsF1» concentration in the radiator gas was progresgivedreased to beyond 87%¥;,. Fig 3.14 illustrates th = 1
Cherenkov angle comparison [44] over data takings rim 1995 and 1996 betwepr= 1 reconstructed ring data from
Z° events (1) and predicted angles from the average sonar-eedfractive index corrected for atmospheric press
(e).The agreement between the two datasets was ewingrand on this basis it was decided to relytensonar to
monitor the refractive index during periods of Slu@ninosity lacking high statistics in’2vents.
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Fig 3.14.3 = 1 Cherenkov angle comparison (1995-6 runs) betweconstructed ring data)(in the SLD
barrel CRID and angles from sonar-deduced refaatdex corrected for atmospheric presseye{ after [44]

Today fluorocarbon thermodynamic data are muchebéthown and new equations of state - for exantipePC-
SAFT? approach based on perturbation theory [APPENDIX &llow much better agreement between theory and
experimental measurement in fluorocarbon mixtures mixtures with certain other non-fluorocarbonegd his can

be of interest irnthe operation of the current generation of RICHed®trs as it is in the context of,Fg/CsFg
fluorocarbon mixtures foreseen for upgrading thespnt ATLAS silicon tracker € evaporative coolant are
discussed in section 5.2

27 perturbed-Chain Statistical Associating Fluid Tiyeor
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3.3 Radiator ultrasonic gas analysis in other RICd#étectors.

Since its first use for the analysis of thg ®¢F,,radiator of the SLD barrel CRID [43], as a continsly-sensitive on-
line refractive index monitor, all the major RIGtétectors, including DELPHI [45], COMPASS [46] ahHCb [47]
have employed radiator gas analysis.

In the DELPHI forward RICH detectors a single 50kHlirasonic transducer was used with a custom-eried

Polaroid 6500 ranging board [45] to measure the eldlay over a fixed acoustic path length in a &kesgo which

radiator gas can be extracted. The system wadlatsia the DELPHI forward RICHs (side A and sid¢ &hd ran

continuously since 1994. Figure 3.15 illustrates theasurement-based look up table fit of sound citgloss

concentration (at 25°C) of Nn C,F;, that was used for radiator gas analysis in the PHaLforward RICH detectors
[45].

£

Mixture sound Velocity

2

C4F10 Proportion (%)

Fig 3.15. Measurement-based look up table fit ofsovelocity vs concentration (at 25°C) ofiN C4F 1
used in the DELPHI forward RICH detectors(after [%5]

In the Compass RICH a similar approach has beed, wgith a temperature controlled tube and a Pafa6%00
ranging board with a single transducer [33, 46hed the analysis of JXC,F; mixturesthat will be encountered in the
filling and recovery of ¢F;ofrom the radiator vessel.

In the LHCb RICH detectors a single 50kHz ultrasoimansducer is used with a recycled (DELPHI fodv&ICH
[47]) Polaroid 6500 ranging board to measure tHeeatelay over a fixed acoustic path length in asgkmto which
extracted gas from the RICH-1 and RICH-2 radiattas be directed. A path length of 30cm (60cm rotri was
used with extracted /£, gas streams. A calibrated mixture containing 19ails found to change the measured echo
transit time by 36 [47]. Considerable absorption was noted in, @Bwever (as is common in light triatomic and
pentatomic molecules including G@nd CH) and the echo distance had to be reduced from @cticm to discern

an echo. With this modification a calibrated migt@FR/N,with 1% N, was found to change the measured echo transit
time by 2@ compared to that seen in pure,CFE was planned to make a production system whgstematic effects
could be better controlled allowing comparisondhwiiteoretical predictions for fluorocarbon gased muixtures.
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4 Development of the ATLAS Fluorocarbon evaporative cooling system

4.1 Early developments leading to the acceptancewafporative fluorocarbon
as the ATLAS silicon tracker baseline cooling .

Based on the author’s experience with the use & filkds as Cherenkov radiators in the SLD CRIDegd#dr, the
study of SFCs as potential coolants for the ATLAS-EAGLE) pixel detector, (itself also proposedthg EAGLE
CPPM pixel group [48]pegan in 1993, with studies of evaporation gf¢entrained as an aerosol mist ip ddrrier
gas into a 750mm long evaporator tube containingpgillary wick. The NCgF4 exhaust was captured in a low
temperature condenser which allowed thed\vent from the headspace [49].

Around this time other phase-change alternativeshi® cooling of silicon detectors were being pregmh including
an ‘open’ system with the evaporation of highlynflmable butane (l,0) into the tracker environmental space from
capillary wicks in contact with the heat-generatimgas of silicon microstrip modules [50]. This position was
quickly eliminated, despite its previous proposal dise for the GEM silicon tracker at SSC, duedncerns over the
evolution of a highly flammable gas used in a ‘s&t@ry activity’ such as cooling, and also the pres problems with
wick ‘de-priming’ (dry-out and localized boilingeen in R&D for GEM. No ‘open’ evaporative coolingsseem has
been proposed since.

Another alternative phase-change system was baseth® melting of a slurry of 3-8% microscopic (BDO um)
ice crystals (Binary Ice ®2®) [51], circulated through a closed tube circiiit a (highly toxic) methanol antifreeze
carrier. In this system, sub-atmospheric or ‘les&l@peration was mandatory due to the toxicitghef methanol and
the conductive nature of any coolant leaks onteatets or electronics.

Leakless water cooling had been developed for wadeling of LEP electronics racks and also for satatectors
[52], including first generation silicon microstripertex detectors at LEP where heat-generatingtreliics was
concentrated around end rings rather than dispéinsedghout the whole surface area, as was bewgpged for LHC.

Liquid CgF14, presently used to cool the CMS silicon trackess b heat capacit, of around 1000JKkEK™. The
mass flowyi, required to evacuate a given pow@rfor a given acceptable rise in the coolant tempeeadT, is given
by;

m=Q/(G.3aT) (4.1)

Considering equation (4.1) for the case of a hygiithl 10kW tracker and allowing a temperature oé°C in the
CsF14 coolant, a high mass flow of ~2.5kh$or in units often used in the refrigeration inglys9 tonnes per hour)
would be required. To give a sense of scale, ititheker could be operated at temperatures highgmtor water (G~
4200Jkg'’K™) to be used, the mass flow would be reduced byrata factor of four.

In general, phase change cooling systems allovsifprificantly lower mass flow of the coolant thanuniphase
cooling with the same fluid. If all the deliveredolant could bevaporated however, the latent heat enthalpy H,
of evaporation of the coolant could be employe@sttract the heat. Taking the example gF& as an evaporative
coolant (H ~ 100J9 we see that a mass flow of only around 0.Tkgsuld be required to extract 10kW of heat. In
practice due to various factors, such as the pkftheat by the liquid coolant on its way to thecker (as discussed in
following sections) not all the enthalpy is alwaypgloitable. However at the exploitation figuress8f60% typical of
the current ATLAS tracker, the fluorocarbon coolardss flow is still more than a factor 10 lowerrthiawould be in
liquid phase, allowing for thinner coolant liqui@ltvery tubing and coolant exhaust tubing fillecttwivapour rather
than liquid; both of which contribute to a lowkX0tracker material budgét.

Other important factors in the choice of coola® iés viscosity and the pressure drop that thidgrdmres in a given
length and diameter of delivery or recovery tubiingt must navigate through other detectors to réaekracker.

The pressure drogP (Pa) in a liquid of (temperature-dependent) dgnsiind absolute viscosity (in units of Pa.s
or equivalently kg.nis?) flowing at a mass flow raten (kgs') through a tube of hydraulic diamet®r areaS and
lengthL at linear velocityv (msY), is given by;

__ K.LpV?
D

dp (4.2)

%8 Trade mark of Integral Technologie GmbH, Flensb&grmany; at that time a manufacturer of ice slooig plants for applications such  as
supermarket cold stores.
* The assiduous reader might question why not tauaser as an evaporant, given its exceptionally leigthalpy of evaporation of

2.5kJgd. Unfortunately, at typical tracker operating temaeres the evaporation pressure of water is oféyvambagss
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where a dimensionless empirical flow regime fattoK, relates the pressure drop to the dimensionless dRéyn
number Re where;

Re = 2P (4.3)

sSn

Re < 2320 is a common definition of laminar flow.this region the factdf of eq. (4.2) is conventionally expressed as
{64/Re}. Pressure drop is linear with mass flowtis regime.

In the turbulent regime, conventionally defined Re > 2320K is taken as;

« {0.316*Re®?3} for (2320< Re< 10000);
«  {0.184*Re®3 for (10000< Re< 100000).

Pressure drop increases exponentially with massifiche turbulent flow regions.

Although theC, of CsF14is only around a quarter that of water — its muiotver viscosity (0.00075 kghs™ at
-20°C) and non-conductivity offer critical advages.

Table 4.1 indicates the viscosity and density @& Harious cooling fluids under consideration in 7/89for the
ATLAS silicon tracker. Of particular interest ateetviscosities of the SFC liquids, which are nugaly similar to that
for methanol, but at a temperature 20°C colderbAlle SFCs have a viscosity a factor of ~ 10 leasltinary ice® at
temperatures below ~ -14°C

Operating temperature specification for silicon ssifpates

Early studies based on LHC operation at L 2*di®’s* suggested [53], that substrate operating tempesaround
-7°C were needed to guard against thermal runawagibimizing leakage current under silicon irrathatand also to
sufficiently slow depletion voltage growth (on asmd 30@m substrates) to assure all tracking layers (with t
exception of the pixel B-physics layer) a 10 yegaemational life. Under the hypothesis of 10 yeaggration @ &~
-7°C with 2 days/year @ 20°C (breakdowns of caplitic.) and 14 days/year @ 17°C (maintenance)ddipdetion
voltage growth would be limited to 600V. The -7%nperature figure was endorsed for both the pimdlSCT Semi
ConductorTracker — the non-pixel (microstrip) elements of $ilicon tracker of the ATLAS inner detector).

The expected 10-year fluences (normalised to 1Mg¥ivalent. neutrons) by tracking layer were:
« SCT layers (average): 240 cm?
« Pixels (layer 1, r = 11.5cm): 6 cm? (layer 2, r = 13.7cm + disks): 40 cm?;
+  Pixel B layer (r = 4.7cm) : ~10n cni® (after 5 years) (600V )4, limit reached after 5 years)

Studies with evaporative cooling continued at CPHAMe injection of an entrainedgk;, mist was considered
impractical, owing to the difficulty of maintaining constant g, mist concentration in the JNcarrier. Instead,
evaporation with perfluorobutane £&,)** was extensively studied; the motivation beingieeceived requirement for
a sub-atmospheric pressure cooling system no maltat coolant used, which was at that time beingased by the
known success of “leakless” room temperature wadsed cooling systems and the choice by the ATLBS |
community ofBinary Ice ® as thede factocooling system for the entire silicon trackersitould be noted in this
context that at that time only two institutes, Rarfbrd Appleton Laboratory (SERC, UK) and INFBézione di
Genovahad signed the ATLAS memorandum of understandingrovide cooling system ‘deliverables’. CPPM-IN2P3
considered other aspects of the pixel system (tegetith liquid argon calorimetry and real time DA@e priorities.
The prevalent attitudes oit's not sexy; it's only cooling; anyone can do-ias long as it's not usand ‘anti-freeze
protects my car engine and stops it boiling whegol skiing, what's the big dedl?emained major obstacles to
overturning theBinary Ice ‘baseline’ which, despite having difficulty in elng the -7°C target temperature, was being
strenuously supported by its main proposer (RALAra%ff the shelf industrialised solution.

30 ASHRAE (American Society of Heating and Refrigergtand Air-Conditioning Engineers)
31 Mfr: 3-M Corp. Specialty Chemicals Division, St.ubavIN55113-3223, USA
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Table 4.1. Density & Viscosity for fluids considdror ATLAS silicon tracker cooling (various tempéures)

Fluid I33ensity Absollutle viscosity
(kgm™ @ T (°C)) (kgm”s” @ T (°C))

Water ~ 1000 (5°C) 0,00135 (5°C)
Methanol 791.8 (5°C) 0,00082(0°C)
Ethylene glycol 812 (20°C) 0,00179 (0°C)

Propylene glycol

1036 (20°C)

0,243 (0°C)

Binary Ice® (5%=>
2% ice in methanol)

826.2 (-14°C)

0.009 (-14°C)

CoF14 1680 (25°C) 0,00075 (-20°C)
C,F (liquid) 1668 (-20°C) 0.00056 (-20°C)
C4F1¢ (vapour) 6.53 (-20°C) 1.1. 70

Despite the combination of a highly toxic methafrekzing point depressant and a total pressurgdiuaf less than
1bar of driving pressure, requiring the circulatioha viscous sub-zero coolant mixture in relativierge diameter
tubes Binary Ice was considered the baseline choice fomthele ATLAS silicon pixel and SCT tracker [54] while the
evaporative fluorocarbon alternative using-g was a possible back-up only for the pixel detef#6i at the time of
the ATLAS inner detector TDR. In some sense thelpdystem benefitted from being an ‘immature’ syst@eriting
only a ‘provisional’ chaptéf in the inner detector TDR; the fluorocarbon evapige cooling could be presented again
in the definitive ATLAS pixel TDR® [56]. However, by this time the advantages in oedutracker material had
already become apparent. Figure 4.1 compares ftthiaticm length contributions oBinary Ice an evaporative

fluorocarbon cooling in a pixel detector with 3 tedayers and endcaps [57].

14

12

10

% Radiation Length
0

Fig. 4.1 Radiation length comparison of the conitibn of binary ice and fluorocarbon cooling tolage layer barrel pixel detector

The comparison is made on the basis of 75W to laeuated from each independent longitudinal pixelrrél
stave” circuit (13 pixel modules) and 58 W from leaisk sector (10 pixel modules) — the then-curdasign.

Figure 4.2 is a more recent (approximating thealstiouilt) representation of the ATLAS pixel detecillustrating

— = = = Binary lce

Evap. C4AF10

1,5 2

25 3 3,5
Rapidity

(radii 4.7, 10.5 & 13.7cm) with four end-caps (z€.@,60.8, 75.9 & 103.5 cm).
Coolant and service tubes only — no pixel moduleislirg or support structures.

the relative positions of the various tracking aoes.

%2 Editors: M. Gilchriese (LBNL) and G. Hallewell (CPPM)
% Editors: G. Hallewell (CPPM) and N. Wermes (Bonn msity)
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Fig.4.2. lllustration of the ATLAS pixel detectardhits support structures: the three barrel layarsl the end cap disks
are shown, together with full length cooling tulfles80cm) of the barrel pixel layers.

For the %% calculations of fig 4.1 the densities and vistesiof the two fluids are assumed at -15°C, withet
diameters sized for comparable pressure dropscplary in the exhaust tubing to the circulatom-@etector tubing
was assumed to be in 20éh wall aluminium tube with 3.6 mm inner diameter floe barrel layers and 3.2 mm for the
end caps. Off-detector tubing was assumed to beisb®all aluminium with diameter increasing in twess$ over the
10.5 m total length considered to lie within theidity bite of the electromagnetic calorimeter sumding the inner
tracker volume. In the evaporative case the liguadlant could be delivered in a much thinner tdbe to the lower
flow rate and viscosity. Coolant is assumed to passugh the on-detector tubes in bi-phase stadetfarough the off-
detector exhaust tubing in the vapour state.

The dramatic reduction in the radiation length dbution at low radius for the evaporative coolant its tubing
was instrumental in the movement toward evapordhiv@ocarbon cooling as the final baseline choice.

4.2 The CPPM development evaporative fluorocarbaacker cooling system

The GFyg circulation system used at CPPM to study pixel ddastaves (of various constructions but typically
featuring straight tubes 80cm length with hydraudiameters in the range 3-4 mm) and disk sectofsvgddous
constructions but typically featuring triple-bendbés around 30cm length with hydraulic diameterthnrange 3-4
mm, tested in the ‘W', ‘M’, ‘E’ and '3’ fluid flowconfigurations) is shown in Figure 4.3.

The system was composed of four main elements;

* A delivery system to inject liquid coolant simuleausly in up to four parallel pixel or SCT struesir
under test, in which it evaporates at a contrgfiegbsure (and temperature);

» asystem for regulating evaporation pressure atdrring the evaporated coolant to the condenser;

e acombined condenser and cold coolant storagevigser

* aliquid pump and cooled liquid delivery tubingdseliver cold liquid to the structures under testioold
N, gas-filled environment.

Liquid C4Foleaving a cold (-20°C) condenser under gravity eéleded 1.5m to gear pump which pressurised thedliqui
to around 5bars and distributed it to up to four parallel channeleere pixel and SCT test structures could be
accommodated.

We consider these elements in detail in the fdlgvsections.
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Prototype Fluoro-carbon Recirculator - July 1997
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Fig. 4.3. The CPPM developmental fluorocarbon evapiee cooling test stand.

4.2.1. The injection system

The flow to each of four parallel cooling channetsuld be selected by a remote control pneumatigevaind
manually adjusted with a needle valve. Liquid cablantered the test structures through injectosedbaon ‘orifice
plates’. Three types of injectors were studied,;

e drilled injectors holes drilled in 6 mm aluminium bar inserted imt&mm Swagelok union. This type was
soon abandoned due to the fragility of the drdistating a minimum possible diameter of 30 and the
inconsistent diameter from injector to injector;

e copper tipped injectorssoft copper was crimped around a thin tungstere wiandrel of the required
diameter (200 -300 um). The seam of the coppersiasr-solder closed and the tip was soldered &to
6mm brass or copper tube for insertion into a 6mvadglok union. The tungsten wire was then withdrawn

* ruby injectors aluminium spool pieces machined from 6mm bar wtdch inexpensive synthetic ruby
watch bearings, typically 1mm thick with pre-maakdnholes diameters of 200, 250 and 3060 were
inserted.

Of these, the ruby injectors were considered thstmadiable and repeatable; the needle valves wiichbeen needed
for flow balance with the previously-studied injexs could be eliminated if ruby injectors of thengadiameters were
used on the parallel circuifs

341n an interesting development at this time, CMS deliberating on the coolant to use for its silicoitrostrip and pixel tracker.
The community wanted a non-conductive coolant smalient of leaks, so the natural choice was adkarbon. However a senior
CMS figure stated he wouldn’t want to use an evap@aystem based on injectors, since his fathdride®n a heating contractor,
who had often told him how heating oil injectorsfamaces were renowned for blocking up. CMS chopeeasurized £, liquid
cooling system instead.
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4.2.2. The evaporation pressure control and vapeuovery system

The various ATLAS pixel and SCT structures (evapmns) tested in the cooling plant all exhibited @menon
limitation to varying degrees: the evaporation terapure in the on-detector cooling tube neededetsubstantially
cooler than the required -7°C silicon operating gerature, due to the thermal impedances betweersiticen
substrates and the tube wall. These impedancesdueré varying proportions to the glue or theriggadase coupling
of the coolant tube to heat-spreader tiles to wiiehsilicon modules (or simulated modules) wetacaied. In some
structures real heat spreader plates of carboreoaftf exceptional longitudinal thermal conductiviairound 1000
WmK™, but poorer transverse conductivity (10-40 ki) were used, while some early pixel disk sectorsdus
‘hairy’ carbon tubes in which the radial fibres wdyonded to carbon-carbon faceplates. A detailedrijigion of these
structures and their thermal performances is nttiwithe scope of this report, some details cafobad in [56]. In
some test structures in-tube evaporation tempes@as low as -25°C were required. It was beconmiaay blowever in
concurrent testing elsewhere (1997-98) witimary ice that the exponentially rising viscosity at lower-tube
temperatures was proving a potential show-stoppemrfany of the structures under test. The evammrgiressure
control had therefore to maintain evaporation terafpees significantly below -7°C for real structutested.

Vapour leaving the test structures passed througlifar tank and a vacuum pump on its way to thedeaser. The
evaporation pressure in the structures under tastdetermined by the pressure in the buffer tBplge. This pressure
was maintained near a set point value by constauljlysting the vapour pumping speed through th&bbfy variation
of the aperture of a high,@utterfly valvé®. The valve was adjusted in real time on the basithe instantaneous
sensed pressuifeby a commercial Proportional, Integral and Defixa{PID) analog process controfier

Defining V(t) as the controller pressure command DAC voltagpuiuthe PID algorithm was of the form:

V(t) = Kpelt) + K; /OE e(r)dr + Kdge(t} (4.4

where the tuning parametels,, K; andK; are the proportional, integral and derivative gagspectively and(t) is
the time-dependent offset between the sensed paa(pesssure) and its set point..

Note:

» Large values of proportional gaiK,, usually mean faster response, since the largeertor the larger the
proportional term compensation. Excessive propoaligain can lead to process instability and cetodlh;

e Large values of integral gaiK;, imply steady state errors are eliminated moreldui The trade-off is larger
overshoot: any negative error integrated duringsient response must be integrated away by postiee
before reaching a steady state;

» Large values of derivative gaigdecrease overshoot, but slow down transient respammng can lead to
instability due to signal noise amplification irettifferentiation of the error.

In practice modern PID controllers, as in the casdhe model used here, have an ‘autotune’ algaorithat
temporarily freezes two of the three gain termslavtiie effect of variation of the remaining gainsisidied, then
permutes the active gain before converging to (bguaptimal values of all three. Section 4.4l3cusses the rejected
proposal of the author to incorporate PID algorithrnthe ATMEL microcontroller chip of ATLAS E-LMBEmbedded
Local Monitor Box: [58]) for active control of caaht mass flow based on the sensed exhaust temygeratu

It was known that conventional refrigeration congsas for refrigerants including R22, R134a and &R40
conventionally operate with synthetic lubricatiritsoSince these oils were considered unlikelygaduiation resistant
— with a probable risk of polymerisation - and sirtbhe oil was likely to plate out around the entio®lant circuit,
affecting the efficiency of heat extraction, it waecided to use an oil-free vacuum pdfrgcting as a compressor of
ratio (PGngense/Poutier)- It Was quickly realised that the vacuum pumpldaot be operated at an output pressure less
than 1baf,s without significant ingress of air from the surnolings. Nor could it generate output pressuresfgigntly
in excess of 1 bay, It was thus necessary to operate the condendebat,s with the difference between the s.v.p. of
the GFy, liquid in the condenser and atmospheric presseigbmade up with an inert headspace gas — irc#ss N,
as discussed in the following section.

% MKS model 653A-1-40-1: 400 mm aperture

3¢ Measured with a MKS ‘Baratron’ model 122B, 0-5006Tgpressure range: 1Torr resolution.
37 MKS 600 series pressure controller.

38 Edwards ESDP30 Rotary Scroll Type: 30t air
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4.2.3 The low temperature condenser

The Armalex® foam-insulated condenser (fig. 4.4)ilddbe maintained in the temperature range -28°G35°C
(depending on laboratory ambient temperature agfel,@&ondensation load) by a 2KW compressor/ refrigetat
C,F10 vapour entered the condenser through two paraltéd heat exchangéPscooled by R404A counter-evaporation
at a typical temperature set point of -30° C. Cosdd GF,, liquid leaving the heat exchangers accumulatethén
bottom of the condenser and the liquid level waterdained before start-up, with the aid of four fleavitch depth
gauges, to be high enough to maintain a good ‘kedgh-contact with the outside of the parallel plaeat exchangers.

Figure 4.5 shows the corresponding thermodynamatecfor the circulator for the example of -25°C eawation
temperature. The cycBCDE is unconventional, not only because it does atate in a counter-clockwise direction
as in a ‘usual’ refrigeration cycle characterisgd b

{evaporation=» compressior® condensatiom® liquid detente}
nor in a purely clockwise cycle;

{evaporation=>» vapour pressure collaps® condensatior®
liquid pump/gravity pressure ga#® liquid detente}

as for example in the SLD CRID radiator recircotaf§2.5.2), but dissociates thgFg +N, entry isobar from the
C4F1o condensation isobar and its corresponding lovigdgressure isotherm. This dissociation, by értf the extra
headspace pressure of s means that althoughRg condenses in an ambient pressure of jllidoes so at a low
partial pressure and a corresponding temperatutesirange (-25°@& -35°C).

The condenser headspace was referenced to atmiosphessure via a vent. A pressure sensor triggéned
opening of a pneumatic valve in the 8upply (or vent line) if the headspace pressuopmgd below (or rose above)
the permitted band of + 50 mbar w.r.t. atmospheréssure.

In this way a fluorocarbon with a relatively low350 mbag,d sub-atmospheric s.v.p. at the necessary in-tube
evaporation temperature of -25°C required for -&lon temperature in certain prototype thermo-haexcal
structures could be circulated with only half oé tooling loop being below atmospheric pressure liduid leaving
the condenser had to be forced around the systémawpump and/or the gravitational head of en ¢ésl/aondenser,
as will be seen in the following section.

The system clearly has shortcomings;

« the vapour extraction sidé\) is below atmospheric pressure and so proneato itggress from air or the
environmental gas surrounding the silicon tracKate( chosen to be JNNfor ATLAS, an alternative
candidate being C{

« ingressed non-condensable gas must be vented frerheladspace of the condenser where it will tend to
accumulate. Some of thef;yvapour above the liquid in the condenser be logtigoperation;

« the low evaporation pressure of thgF( in the structures being cooled (350 mpbaor lower) makes it
difficult to return vapour through long tubing teetcompressor (vacuum pump) input;

« the heat transfer coefficient of,f, with dissolved N will be less than in £, starting from the
uncontaminated state.

3% Danfoss Model SC18/18 CLX T2
40 ALFA LAVAL type CB 26 H
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(b)

Fig 4.4. Condenser internalphoa(a): C4Fyolevel float-switches (1) angressure dme (2):photo (b) 1 of 2 heat
exchangers (3;ondensate exit frm heat exchanger to liquid reservoi) C4;Fgexit to lquid pump (5
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Fig. 4.5. Thermodynamic cyc in the CPPM evaporative cooling test stand witlow temperature condense

It should be remembered hover that this system was built at a time whends stil being demanded that any
competing cooling system be ‘leess’ to the exterior, as was requiredbinary ice With a dielectric no-
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toxic, non-flammable fluid for which there was pigf circulation experience from the world of RIGétectors, this
demand was clearly unfounded. However with theagsebning in favour of SFC evaporative cooling,estBFC fluids
with higher operating pressures could start todresidlered, as discussed in later sections.

In the CPPM @Fptest circulator two conditions were necessary sugscirculation in the most general conditions;
. overcoming the (Bndenser—FPbutier) ‘POteNtial barrier’: the necessity of the vacupmmp upstream of the
condenser;
. maintaining the pressure of theFRg liquid greater than the s.v.p. at the condensewpézature, to help
maintain the pump ‘primed’.

4.2.4 The liquid pump and liquid circulation piping

To deliver a volatile coolant as liquid (at any fErature below its critical temperature), its puessverywhere in
the liquid supply tubing must exceed its s.v.pthatlocal ambient temperature. The higher the teatpee of the local
liquid tubing, the higher the required pressure; limit being the critical temperature at the tdpthee ‘dome’ in the
pressure-enthalpy diagram for the coolant — seeekample Fig 4.5. Above this temperature the flo@hnot be
delivered in liquid form whatever the pressure.ofting devices in the tubing can introduce pressinmops, causing
the liquid pressure to drop to the s.v.p. threshpidvoking evaporation. Also heat can be absofbmd devices like
liquid pumps, with the same effect.

In the CPPM test system coldFg liquid leaving the compressor tended to be warmgdhb pump, which was
placed in a styrofoam cold box. The tubing from ¢bedenser to the pump and downstream of the puntiithe entry
point of the cold enclosure containing the struesuander test were also insulated, the latter lzdéog jacketed in a
coaxial tube through which coldk 4 liquid was counter-circulated.

To prevent local boiling at the pump, the combipeth pressure of the liquid column from the condelfsebeing
the sum of the liquid level in the condenser arel ¢bndenser height above the pump), and the ceaddnbay,s
operating pressure were set to exceed the local swwthe pump.

The cold enclosure containing the test structuras w foam-insulated Plexiglass glovebox purged witld gas
from liquid N, evaporation and operating in the range=69°C.

At the time of the ATLAS inner detector TDR (ApfiD97: [56]), no definitive pixel or SCT structurg@gth silicon
detector modules) were available. Instead, appratdérthermal interface structures linked dummy @ilipixel modules
(of the same overall dimension but with depositidifum heater resistances) to 20® wall aluminium tubes of 3.6
mm inner diameter for the barrel pixel ‘staves’ @@ mm for the pixel end cap sectors.

4.3 Rebaselining the ATLAS silicon tracker coolirig evaporative fluorocarbon

The first review of the ATLAS cooling systems wadchon October 30, 1997[59The review expressed a marked
preference for evaporative fluorocarbon coolingtfa following reasons:

« the lower material budget;

« the much greater safety of the cooling medium;

* the less drastic consequences of a leak;

+  fewer components;

*  the routing of the pipes being more likely to fitthe available space due to the lower viscositthefcoolant
and the correspondingly smaller diameter tubes.

The review recommended further study of;
» injectors — specifically could orifice injectors beplaced with something else?
» effectiveness of refrigerant flow through vertieald radial orientations;
» control aspects using a full scale representatigeopype;

« radiological aspects;

The ATLAS inner detector community was asked to imae a person to develop a project plan to addiess
above issues before the end of 1997 for the idsules addressed over a ~ 12 month timescale.
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These recommendations resulted in the author cotoingork at CERN full time for the period Septemli&98-
February 2001 in close contact with the CERN grofplichel Bosteels and in close collaboration withclav Vacek
and associates of the Czech Technical Universiggure.

4.3.1 Evaporative fluorocarbon cooling in the ATLRASel TDR

In the spring of 1998 the ATLAS pixel TDR [56] wpsblished. This document detailed the converginghaerical
designs for barrel pixel linear arrays (‘stavesigalisk sectors including the thermal drains betwte silicon pixel
substrates and the cooling channels. Fig 4.2 gageneral view of the pixel detector. Figure 4.@usilrates the
construction of a pixel barrel ‘stave’ of 13 lingaarranged pixel detector modules with

Fig. 4.6. lllustration of ATLAS pixel barrel (‘sta’) and end cap (disk sector) support and cootitrgctures.

overlap in z. ¢ overlap with their neighbours is assured by tipaisitioning in the end-ring support structure of Fi
4.2). The major components are a 80cm long ‘shiigteat spreader plate in graphite which channleds Heat
dissipated in the pixel substrate with its bumpderhreadout chips into a ‘D’ profile aluminium cimgl tube with 200
pm wall and 3.6mm equivalent hydraulic diameter. Tiféerence in thermal expansion between the tuitkthe heat
spreader is accommodated in a sliding grease joim. contact between tube and heat spreader istaired by a
preformed carbon fibre reinforced plastic (CFRP)n€ya’ form, glued to the outer edges of the heaasfer plate.

In the pixel disk sectors 1.5mm thick carbon-carbeat spreader plates are glued directly to a SHsenpentine
("YW’ geometry) circular section 20@m wall aluminium tube of 3.2 mm inner diameter. ti#iguch sectors form each
of the six disks. Earlier versions of disk sectuaisl two concentric rings of pixel modules and setipe tubes in a ‘W',
‘E’, ‘M’ or ‘3’ orientation with respect to gravity

By the time of the ATLAS Pixel Detector TDRy&;,, evaporative cooling had relegated binary ice ttkhgp status
- for the pixel detector cooling system onlyand had demonstrated successful cooling obpmeé pixel barrel staves
and disk sectors. Examples of this cooling effexiass are illustrated in Figs 4.7 and 4.8.
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Fig 4.7 illustrates temperatures at the input anghut ends of the cooling tube and the temperatisgibutions
along the 13 thermally-simulated silicon modulesaothermo-mechanical prototype pixel barrel staweled with
evaporating GFj,. Each tile is attached to the heat spreader pistd#lustrated in Fig. 4.6. Some general trends are
apparent with increasing power, in particular thefficient thermal heat sinking of modules 2, 9 & &nd the
temperatures of the modules at the output end Heimgr than those nearer the input. This lattempheenon is due to
the progressive pressure drop in the tube duee@itbsence of vapour produced by the heat inptlieotiownstream
modules; the upstream modules have a slightly highaporation pressure (and hence temperature) tinain
downstream neighbours.

Fig 4.7 lllustration of the cooling of a thermo-amanical ATLAS pixel barrel ‘stave’ with evaporatiGF,,and
increasing module power: 0.2, 0.4 and 0.6 Wemespectively 26, 52 and 79 Watts total dissipati

There was considerable interest to know whethep@nadive cooling could cope with tubes bent in coomm
shapes, with liquid injection (and vapour extrag}itn all clock positions including those opposedgbavity. This “all-
orientation” cooling was successfully demonstratéth a prototype pixel end cap sector (in this cagd a 3.2mm ID
“hairy” carbon tube attached to carbon-carbon fétep, as illustrated in Fig. 4.8. The evaporapoessure and the
pressure upstream of the ruby injector (locatedhim boil-off N-chilled glove box) were logged together with
temperatures on the dummy pixel modules and thieooacarbon faceplates at a power dissipation of 4Biy 4.8
demonstrates the wide safety margin available 8fT@f evaporation pressure; increasing the evajporgiressure
from 250 to 350 Torr (‘M’ configuration) caused taeerage module temperature to rise to an averfage more than
-7.9°C, below the temperature specification of -7°C

4.3.2. Toward evaporative cooling withg for the pixel and SCT detectors

Despite this success it was becoming clear thaloteevaporation pressures (300-400 mlpof C,F,for in-tube
evaporation at temperatures in the range=%-60°C necessary to cool some of the less therraffilgient pixel and
SCT barrel and end cap structures would be a haifactor in sending the exhaust vapour back tocthelenser
through the long trans-detector tube runs of »n&@res due to:

« the relatively large liquid-gas expansion factoCgif,oat these low pressures;

« the higher pressure drop in the exhaust tubinggked by this higher vapour volume flow;
» the reduced pumping speed of vacuum pumps/compsaasih declining input pressure;
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« the lower heat transfer cocient between the evaporant and the tube wdthaer pressur

o | i l

- Date:17/0278 :liill-1ln1_?c|

Outtet-18.1 °C

Fig 4.8lllustration of ll-orientation cooling of an early ATLAS thermmechanical [rototype
end<cap pixel sector using evaporativgF, (after [56] pp 212,217).

It was considered important therre to begin a study of the next lightest of th&CS: perfluorc-propane (gFg): Some
pertinent parameters for compain betweelC,F;, and GFg are listed in table 4.for exampleat a temperature of -
10°C.

Table 4.2 Comparision of evaponn parameters for 4F;o and GFg: an examplat T = 10°C

SFC fluid CiF1c CiFg
Molecular weigk 238 188
Temperature for exporation at 1 bar abs (¢ -2 -37
Vapour presdre @-10°C (Bagy,) 0.723 2.894
Liquid densty at-10°C (g.cr) 1.638 1.510
Enthalpy of vapcisation (.gm’) at -10°C 115 95
Mass flow in a pixel stve dissipating 72 Wattusing 0.63 0.76
assuming the use of all ailable enthalpy &10°C (gm.3)
Liquid flow to a pixel stave dissipating 72 Wat 0.384 0.503
assuming the use of all ailable enthalpy &-10°C (cris™)
Liquid-vapour expansic factor for evaporation -10°C 210 60
Vapour flow in exhaust tubing flowing a pixel stave dissipating 72Watts 59.6 30.2

72



[G. HALLEWELL: HABILITATION A DIRIGER DES RECHERCH ES|

Of particular interest in Table 4.2 is the lig@djas conversion rate for the two fluids at the sawaporation
temperature. The increased s.v.p. efdtan confer a two-fold advantage:

e a higher evaporation pressure to allow conventigas compressors operating at input pressuresndrou
1bag,s With vapour condensation in a warm condenseria as'conventional” refrigeration cycle;

e alower volume flow of vapour - promising lower psere drops in the exhaust tubing returning vapmtine
compressor aspiration manifold.

Despite this, the proposal provoked some shockcmnamunity still believing that on-detector coolanéssures should
be around 1bagsor less, as characteristic of “leakless” aqueggtesns. The request came to study also fluids aith
higher (lower) evaporation pressure thajir (CsFg) — a mixture of the two. Also proposed were stadié a new
refrigerant trifluoro-iodomethane (Glfr - a combined inerting/firefighting vapour foudl tanks of military aircraft,
with the combined environmentally friendly propesti of being non ozone-depleting and very rapid ghot
disintegration under UV irradiation so as not to &greenhouse gas. Table 4.3 compares of relevapogmation
parameters for these vapours at -15°C.

Table 4.3: Comparision of evaporation parameter€{b,,, CsFg 50% GFg/50% CGF1,, CHil, at -15°C.

Fluid [ref for calcn] L g™ | ecm®Vol(vap) /cmi(liq) S.V.P (bara) @ -15° C
Cfg 97.0 71.4 2.46
10" 101.1 242.6 0.58
Ry 100.8 176.3 1.33
50%C,F/ 50%GF,[60],[61] 98.3 1476 1.01R5y 21.65 Ry

Given this impetus, it was decided to modify theP@Pcirculator of Fig 4.2 to allow operation withetbove fluids for
further thermal studies of pixel and SCT prototyipermo-mechanical test structures [62], and to nmakasurements
of heat transfer coefficient. The adapted circul&tallustrated in Fig. 4.9.

Higher pressure operation withsFg required an oil-less compressor able to accepttimppour at or above
atmospheric pressure — a problem solved usingy&lezt piston compressBroriginally used to circulate £ in the
OMEGA RICH radiator vessel during the 1980s (82.5-1he recirculator having been constructed byGE&N group
of Michel Bosteels. The first stage scroll vacupomp was used only with the lower pressure vapddy;, &
C3Fs/CyF10, Since the pumping speed of the pistompressor was insufficient at input pressuresvbéldags

The most flexible condenser solution was the reptaent of the cold condenser with a new version @btgperate
at higher pressures using water heat exchangel88G(55°C) for GFg (C4F10) operation, with a typical condensation
pressure around 6.5(1.9) har

At around the same time, a decision was made tlagephe orifice type injectors with long capilkssi having
internal diameters as small as 0.6mm; it this wayas planned to verify that liquid coolant coulel delivered at the
required mass flows through the thinnest typesoshimercially available tubing to further redu&eX0 in the most
critical inner zones of the inner tracker volume.

Figure 4.10 illustrates the thermodynamic cycleGsffg with rotation in the “conventional” anti-clockwisense on
the pressure-enthalpy diagram. The evapoftmndenser pressure increase is given by the vaymapressor while
the condense®»evaporator pressure detent is given by a combimaifoa delivery capillary and a flow-determining
pressure regulator. The importance of precooliegsiipply liquid before the capillary input will biescussed in 84.4.

With the modified circulator particular attentiorasvpaid to the cooling of SCT end cap and barratitres which
had higher power and longer cooling channels tharpixel structures.

41 Mfr: Astor Chemical Co., 14 Dobrolubov Avenue, 1981St. Petersberg, Russia
42 Mfr: 3-M Corp. Specialty Chemicals Division, St.uPaVIN55113-3223, USA: PF5040 grade

43 Mfr: Ajay North America Inc. Powder Springs, GA)R7-0127, USA
4 Haug SOGX 50-D4 Dry Piston Compressor (rated 3t tair, B, 1 baryg Pou = 9 barlimit)
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Fig 4.10. The gFg cooling cycle on the pressure-enthalpy diagramdlified recirculator
with warm condenser, vapour compressor, liquid po¢ing and variable flow regulator.

Figure 4.11a illustrates a thermo-mechanical mémtehe on-detector cooling for a quarter disklaf ATLAS forward
SCT, supporting 33 silicon micro-strip modules atissipating 400W. On the “front”, heat from two araf silicon
modules (simulated with resistive heaters) was ootetl to the coolant via attachment blocks gluethé3.6mm ID
cooling tubes (Fig. 4.11b). On the “rear” of a rgaadrant a third arc of modules provides trackiagmeticity through
overlap. A full (4-quadrant) SCT disk would contdi82 silicon modules.
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To accommodate thermal expansion effects, eachrgmiatias two serpentine circuits with 3.6 mm IDesiband
lengths 2.5 & 3.5m (“A’&"B"), respectively coolind4 and 19 modules. Each circuit first cools theeminont arc of
modules, follows an arc at the outer radius, aed ttools the modules on the rear of the panel.rif@dleconnections to
the cooling tube are of several types: some attachimocks evacuate the simulated 7W power of tbdule readout
electronics (“E”): those along the front outer aacuate only ~ 2W of substrate (“S”) dissipatidime (expected
substrate dissipation after 10 year's LHC operatibhG‘cm®s™). The innermost front blocks traverse the support
evacuate, in addition to the 9W (E+S) dissipatibthe front inner modules, ~2W from the simulatetstrates (“S”)
of the rear modules. Blocks were of several diffeteeights, and some spanned a gap between jaibed,tpresenting
lower impedance for heat conduction into the fluid.

Plate — [z Lﬁ‘_—‘u‘—’/
Heater ———

# Thermal glue ~ll —-=:,.—://
Hole for pipe —— -( )— -

Block _— 1 1}
Pt-100 I

b

Fig. 4.11a,b. Thermo-mechanical model for on-detectoling of a quadrant of an ATLAS SCT disk #areple of
simulated silicon microstrip module (electronicssoibstrate- see text) heat sink to cooling tub

Figure 4.12 illustrates the temperature profileglthe 250cm “A” tube and the cooling blocks assted with it,
for CsFg cooling at full power dissipation (7W (E); 2W J&nd a boiling pressure 2.3 harThe

Splitdisk, Circuit "A", C;F,, full power,
Pi: 7.5 barys (g), Pube av: 2.3 bary,., Mass flow: 2.6-2.7gs™ =
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Fig. 4.12. Temperature profile along “A” tube andsociated cooling blocks of a thermo-mechanicatqiype SCT
disk sector: GFg cooling at full power dissipation (7W (E); 2W (8)ith a boiling pressure 2.3 bag

temperature of all blocksyith the exception of the rear “S” side of the dieublock (since redesigned) were below —
7°C, and the temperature gradient along the tutseonty ~2°C. By decreasing this boiling pressure,temperature of
the test structure could be further, uniformly, ueedd. GF,o cooling showed inferior performance: at full power
dissipation the “A” tube structure could not redlol target temperature of —7°C due to the largespre gradient along
the 3.6 mm ID tube, generated by the relativelgdarolume of vapour produced at low boiling presswof around 500
mbaty,s The situation in the longer (350 cm) “B” circwis

correspondingly worse.
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The SCT barrel was also a demanding cooling reoquirg, with pairs of 160 cm barrel staves conneateskries
and then in parallel to form “quartets” as showrFig. 4.13. Coolant is injected through a capilleoya series pair of
staves with a total tube length of 3.2m. A comma&hagist is shared with a second series pair of sten@unted in
parallel. This manifolding is presently used in #idequartets of the 4 tracking layers of the openal SCT barrel.

Fig. 4.13. Thermo-mechanical model for the on-detecooling of an ATLAS SCT barrel shared-outpuiese parallel
“quartet” of 160 cm long ‘staves’, each stave camy 12 simulated modules, each dissipating 9.2W .

In the prototype thermo-mechanical structure, estelve carried 12 heater plates attached with tHerroanductive
glue to one 7.2 mm side of a flat-walled oval tui@ving an equivalent [.D. of 2.7mm. A total of Gflriperature
sensors are attached to the plates and on the lbebesen them. Plates were laminated from two (20 xanm) pieces
of aluminum with thermally conductive glue, to istigate the layering of the detector module, inokhhthe hybrid
supporting the readout electronics (“E”) is moundedtop of the silicon substrate (“S”), which hésser attachment to
the cooling tube. Temperature sensors are moumtdiseoE and S sides of the blocks.

Figure 4.14 shows sample data taken witfrsCat 10W/block. The temperature (pressure) gradiebivéen the
input of the first series stave and the outpuhefg¢econd is T (1.1 bar). Block temperatures vary between

C;F5, 10 Watt perblock. Capillaries. _
Py 6.5 bar, P 28bar, P, 1.7 bar,, Massflow:38g s”
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Fig. 4.14. Temperature profile along two seriesystgof a thermo-mechanical prototype SCT barretigt&;Fg
cooling at full power dissipation (220 W) with aage boiling pressure ~ 2.3 has

-2°C and -15C. Although the target (S) temperature ofG7ds not met on the fir
upstream stave the majority of the 24 simulated utexd on the two series
specification.

st four blocks at the begignof the
staves were within the teatpes

It was concluded that the 2.7 mmaDthe cooling tubes in the thermo-structure wasufficient to

evacuate the vapour produced from ~240W dissipatidwo staves in series. The tube internal diametes increased

to 4 mm equivalent in the production SCT staves.
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Thegood results with SCT structs were fdowed by a discovery that the dissipatiarpixel barrel staves was like
to increase to around 100Watflts staves in layers 1 & 2 and 144W for staves eBtlayel. Studies were made with
the modified circulator of Fig. @.using both GFg and GFg/C4F1o mixtures as illustratein Fig. 4.15

C;F, @ 100 W and 50%C,F4/50%C ,F,,mix @ 55 W

5
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Fig. 4.15. Temperaturerofile alon¢ a thermo-mechanical prototype pixhve withCsFg (0) and
50%GFg/50% C4F1o (0 )cooling at 100W and 55W dissipatimspectively

It was found that the ID of thegrototype pixel stave tube \sinsufficient to maintain th-7°C silicon temperature with
the 50%GFs/50%CF;o mixture at lissipations exceeng ~60W, buthat cooling to thearget temperature was poss
at the highest envisaged dissipatiging GFg. It was subsequently required that paf pixel staves be connected
seriesto halve the number of spoly and return lines to entering frr each end of ne tracker volume. It prove
possible to accommodatieis requiemen, also, keeping the warmest module (&t nearest the input capille - in the
absence of poor thermal contact2where below -7°C using §Fg cooling.

It was importat to study the efficincy of heat transfer between the evaporatingasdand the wall of the cooling tut
independently of effects related tad thermal coupling of the tube to the structtodse cooled; often a problem at t
module level in prototye SCT ancpixel therm-mechanical prototypes.

The heat transfer coefficient (HT@) (Wm?K™) is related ta!Q , the poweto be evacated into the coolant throua
contact ared(m?) via

ho B89
A-AT. (4.4)
whereAT is the measured tempeure differenc between the heated surface #mel coding fluid.
Heat transfer coefficientsere mesured on a 1.6m lonimplified SCT stave witli2 copper blocks sc-soldered onto

a 1.6 m long cupronickel tube 8f6mm ID. On each block were a cera heater anch PT100 sensor. PT100’s w
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also fitted to the coolant tube near each blodkwahg h to be measured at 12 positions from (block-tubejperature
differences and knowledge of the dissipation ahddock and its contact area with the tube. Typioahsurements for
the different fluids in this tube are shown in Fgl6, and varied in the range®»%.10° Wm?K* depending on power
dissipation. The highest HTCs were seen in the oa§iFs, which was expected due to its higher s.v.p. — theiag
more molecular collisions with the tube wall in daen time interval -while the lowest were seen with
50%GFg/50%C,F;o mixture, which was initially a surprise since ity.p. was higher than pures&. Additional
mixtures in different ratios of £s and C4,F;o were made to further investigate this effect, aonifng (in Fig. 4.17)
reduced HTCs for mixtures relative to those ofrtipeire components. This phenomenon has, howeven, teported
elsewhere [63], [64].

HTC in 1.6m tube of 3.6mm ID
Power: 8 Wiblock; m ~ 1.5 g/s; t, ~-16—- 26°C
6000
¢C3F8 WCAF10 ~Mix 5050 O CF3l

__5000 = z
X ¢ g Py &
£ 4000 T A
z : 8 g o @
O 3000 5 w8 —= L
5 0 a o © a
XL 0 = - A A A o

2000 A =

1000

o I I | I | 1 1 1
0 200 400 600 800 1000 1200 1400 1600
Distance along tube [mm]

Fig. 4.16. Measured Heat Transfer Coefficient ini@as evaporative refrigerants,
including GFg, CjF10and 50%GFg/50%CF 1 (after [65]).
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HTC measured in varying C;F3/C,F,, mixtures
(Average of 12 blocks: 8 W per block)
4500
4000 ’
3500 //
X 3000
Té 2500 \k — _,,_..’!/
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T 1500
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0
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Composition [C4F 4o ===> C3Fg]

Fig. 4.17. Measured heat Transfer Coefficients Bi&@mm in varying mixtures ol and GF (after [65]).

4.3.3. Sonar analysis of;Eg/C4F10 mixtures

It was realised that sonar gas analysis as usé@iSLD CRID could be useful in the verification G§Fg/C,4F, blends

of interest as evaporative coolants with evapongpiessures around 1 hain the range -19 -25°C.

A temperature-controlled tube was built to allowasgrements of sound velocity inFg/C,F9 vapour mixtures at
temperatures from -28+40°C and pressures in the range 1-5haDriginal SLAC driver, amplifier/receiver and time
electronics were used in conjunction with a Natidnatruments multi-function card which acquirednfgerature data
and counted the number of 4MHz clock pulses coudtegthg the sound flight time through the gas. Lopktables of
sound velocitys. CsFg/C4Fy relative composition were created at various teatpees and pressures [65] from sound
velocity measurements made in calibration mixtucesering the full GFg/C4F o dynamic range. A Labview ®
graphical user interface compared the on-line nredsvelocity with the look-up table to yield thencentration in real
time, as illustrated in Fig 4.18 [66].

The sonar tube enabled us to demonstrate the usmuafl velocity to find the saturation line of dfuids, or of
the lower boiling component in the binary mixtur€he procedure is demonstrated in Fig. 4.19 [61] a
60%CGF,/40%GFs mixture at -18°C. The sound velocity falls as pinessure (density), is increased towards 0.05MPa,
beyond which the £, condenses, leaving a mixture progressively endcinelighter GFs. The pressure of the
saturation cusp at this temperature is in goodeageat with the predictienof the NISTREFPROP package [66].
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length of analysis
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v0.3345
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Fig. 4.18. Labview ® graphical user interface fewat time presentation of,€,o/CsFg mixture ratio by
comparison of measured sound velocity(here at labarand 19.7°C with stored calibration table.
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4.19 Sound velocity determination of the condeasgiressure of the heavy component

in a GF1¢/CsFg mixture. (after[65]).
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4.4. Progression towards a dynamically flow-conteal multi-channel cooling system

In a second cooling review in May 1999 [68] thegbiand SCT communities were encouraged to find rancon
coolant compatible with the then existing mechadnidasigns for the structures and to create a suotista
‘demonstrator’ system of parallel cooling circuitsth a representative compressor/condenser ciayldéiow and
evaporation pressure control and tube runs ingtgatliameters and lengths.

The natural candidate coolant wag-§since neither ¢ nor mixtures of gFg/C4F1o were adequate due to the high
vapour volume flow and large pressure drops irettfeaust tubing produced at the lower evaporatiessure.

CHsl, though a capable coolant with an attractive evation pressure of around 1 bar abs at -25°C fotasd to be
very unstable under irradiation and was for thassom abandoned. The choice gF§also allowed a simplification of
the cooling circuit of fig 4.9, with the suppressiof the scroll vacuum pump first stage, since@hié; vapour arriving
at the piston compressor input had a pressureeinghge 1-2 bgys depending on evaporation temperature. A much
larger capacity piston compressor was purchasethéodemonstrator; capable of handling a vapowr #quivalent to
at least 6KW of heat absorption, evaporatings@t a temperature of around -25°C. Other develomnectuded the
use of a dome-loaded pressure regufatorset the flow of coolant, and a dome-loaded kaelssure regulator (BPR)
to set the evaporation pressure (and hence theomtan temperature) in each circuit. These deviespectively
regulate their output or input pressure to followanalog air command pressure applied to the ofgpegle of the
diaphragm to the process fluid.

Table 4.4 details the configuration (power, # isp&t outputs) of parallel £ evaporative cooling circuits in a
6KW multichannel demonstrator built at the requefsthe May 1999 ATLAS ID cooling review, for contrsystem
studies. The demonstrator cooling circuits usedpEnthermo-mechanical models of 6 SCT 480W ‘qusité& pixel
208W series stave pairs and sectors of SCT andl ¢lisées. All these structures were housed in a tobd which could
be cooled to ~ -8°C with an internal R404A refragérn pack to simulate the cold, Environment planned to surround
the SCT and pixel detector in the final installatio

Table 4.4 configuration of parallekEs evaporative cooling circuits in the 6KW multich@hdemonstrator

Layer Cooling Staves /Circuit Capillaries | Power/ Regulated Regulated Exhausts
Circuits / circuit Cct (W) Input Flows (Boiling Pressure)
Part of 2 4 (2 series pairs in parallel) 2 480 4 2
SCT 4 layer
Part of 2 4 (2 series pairs in parallel) 2 480 4 2
SCT 3 layer
Part of 1 4 (2 series pairs in parallel) 2 480 2 1
SCT 2 layer
Part of 1 4 (2 series pairs in parallel) 2 480 2 1
SCT 1 layer
Part of 4 2 (series) 1 208 4 4
Pixel 2 layer
Part of 3 2 (series) 1 208 3 3
Pixel 1 layer
Part ofB layer 2 2 (series) 1 208 2 2
SCT disk/4 1 3 arcs in parallel (2 front 1 back 3 110 3 1
Pixel disk/6 2 2 arcs in parallel (1 front 1 back 2 96 2 1
TOTALS 5274 26 17
Comparison for SCT 4 full size layer 4 6720 28 14

Coolant was delivered through copper capillariesypfcal length 0.8 m and internal diameter 0.8 nirhe pixel
series stave and disk sectors were “one-in one-autile the SCT quartets and disk quadrant were-~iw one-out”
and “three-in one-out” respectively, reflecting ecision taken by the SCT to reduce pipework andices cross
sections. The total power dissipation, numbersagfillaries and exhausts was similar to that ef daitermost SCT
layer illustrated with its services in figure 4.20.all cases (pixel and SCT) capillary fluid deliy and vapour exhaust
were arranged to be on the same end of each caglingt, with half the circuit tubing connecting each side of the
detector. Fig 4.21 illustrates the simple serieslpstaves used in the demonstrator cold box: ¢hme-in one-out’
geometry is visible. Figs. 4.22 & 4.23 illustrate t3-D

“ An analog to the dome loaded pressure regulatbei$SCUBA diving regulator which delivers breathimgad the ambient
pressure: the demand pressure on the diaphragm teiarmined by the locagh hydrostatic column of sea water.
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nature of the demonstrator which, in addition tonwdating the lengths and inner diameters of thelartotubing
(including capillaries), also reproduced the rekmtheights of coolant delivery and recovery haréam the ATLAS
service platforms and the detailed routing of smrsithrough the magnet to the inner detector.

Fig. 4.20 lllustration of the SCT on detector evigtive cooling channel ‘quartets’ on the outerm88&T layer 4,
together with one half of the coolant delivery axthaust tubing cooling. Complete SCT forward diskcbmparison.

Fig. 4.21 Pixel dummy thermal series staves baoil6kW evaporative cooling demonstrator

Fig 4.24 illustrates the piston compressor and ensdr. This compressor was a single stage multidsd oil-less
device capable of compressingFg from a minimum input pressure of around 800 mhdo a maximum output
pressure of ~ 9 bag (a similar compression range to the much lowercHyp single cylinder compressor used in the
preliminary studies). The buffer tank at the inputhe compressor was the lowest pressure poititarcircuit. The
pressure of the superheated (i.e. without acconipgmnevaporated liquid)
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CsFg vapour in the aspiration buffer was controlledbtigh variation of the suction speed of the compressrying
the frequency of the 3-phase AC sent to comprasstor between 20 and 608z The flow of coolant to each circuit
was controlled in proportion to the circuit heaadato be evacuated using a pressure regtifator

Preumatic rack
ItoP drivers

Inlet pressure
regulators Back pressure Compressor
regulators unit control

Vapour line
DN 40

Pixel&SCT it e ~ - B
structures inside ] T i h=3100 mm
: Frame of cryasia%, =
. a1~ i s J bar a
ok
o L ,,/«I/’”'N s e 5 bara
o)
7] e s 1.5 bar a
-

e

— 1.4 bar a

Fig. 4.22. 6kW evaporative cooling demonstratore¢hdimensional routings of tubing in the demortsirdoetween
compressor/condenser, flow and exhaust regulatoksand SCT and pixel thermo-structures in cold

Fig. 4.23. 6kW evaporative cooling demonstratod aarvice model: arrival at the cold box of inseldtcoolant
delivery and exhaust tube bundles from the floweithust regulator racks (CERN Building 175).

46 \/ia Motor Speed Controller CIMR-XCAC41P5, Yaska@@, 1-16-1 Kaigan, Minato-Ku, Tokyo, 105-6891 Japan
4" Model 44-2211-242-1099: Mfr: Tescom, Elk River 8330, USA
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Fig. 4.24. Piston compressor (oil-less, single stagaximum output pressure 8h@rand condenser
(foreground) used in multi-channe}fg evaporative cooling demonstrator tests; aspiratiorffer tank behind.

with “dome-loading”; one side of the regulator mean®e was exposed to the process fluid (liquiElslCwhile the other
was pressurized (inside a brass dome) witlyas of variable pressure. The liquigFgpressure at the regulator output
— and hence at the capillary input - tracked theyimg pressure of the Ncommand’ gas applied to the dome. This
analog command pressure was varied in the rangear-g, using a DAC-controlledI2P” or “E2P” actuatof®. The
control strategy was to maintain the temperatuie @int downstream of each thermostructure a fegveks above the
evaporation temperature selected for the circtits Evaporation temperature was itself set usidgrae-loaded BPR

in the exhaust of the cooling circuit, the commanessure also set using a DAC and intermediate &@&ator. The
BPR regulated the (ingoing) pressure of exhauBt €apourupstreamof its membrane to correspond to the analog
command pressure; in contrast to the flow regulatioich regulated the (outgoing) liquid pressdmvnstreamof its
membrane. In practice the evaporation pressurach eircuit was chosen from knowledge of the ddsieenperature
of the simulated silicon modules, taking into aauotihhe offsets occurring in the intermediate matdimking them to
the cooling tubes. It was almost a ‘set and forgatameter, unlike the flow rate which was intentiede dynamically
varied.

The coolant flow strategy was to always deliveowggh - but not too much - fluid (which would othése flood
and chill the exhaust tubing passing other moissamsitive detectors) to cool the required heal,l@dich in the final
system could vary according to the number of podiemodules attached to the cooling tube. All siticeal (and most
simulated) microstrip and pixel modules are equippih individual thermal interlocks between theim board NTC
(Negative Temperature Coefficient) thermistor ahdirt individual module power supply providing thabstrate
depletion voltage and front end LVDC. Power ON/Qfefald be by operator intervention, with automataevpr off in

48“\/olts to Pressure” or “Current to Pressure” acnmsy E.g. Model PS111110-A: Mfr Hoerbiger Origa GmbB+=2700 Wiener-
Neustadt, Austria: Input 0-10V DC, Output pressiHEL bagp,g also 4»20mA input for long distance signalling

49 Model 26-2310-28-208: Mfr: Tescom Corp., Elk Riviei\ 55330, USA
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the case of over-temperature for reasons indep¢rmiethe activity of the cooling circuit, for exge to a de-
lamination of the module from its cooling attachmehhe cooling system had, therefore, be able &xtréo such
spontaneous effects.

The flow control strategy was similar to that usedefrigerators where a flow control valve is lted on the input
to the evaporator with mass flow regulated via bssdt from a sensor on the exhaust downstream ofvhporator.
The sensor on the exhaust may be a mechanicaledswih as a vapour pressure bulb activating the dntrol valve
through a capillary (dome loading) - as shown ig. .25 - or an electrical probe (RTD, NTC or eqléwnt) with
electronic control of the valve. Such on-evaporatwices were completely excluded in the ATLAS aggion owing
to the extra material they would introduce and ase to the lack of serviceability in the innermosgions of the
tracker. Flow and evaporation temperature contsiaks could only be accommodated in accessiblatitots on
external service platforms, as simulated in the alestrator. In ATLAS these are 30 metres from tiger tracker

silicon, as the tubes run
i @ -
T - .rOFlII

i | %J '»

~ Fots la
B E;_; J a

a

Fig. 4.25. On-evaporator dynamic flow regulatiorttwilome-loaded flow valve and vapour pressure bailb;
combination excluded in the ATLAS application dugi, considerations at the on detector evaporators.

Figure 4.10 illustrated thesEs thermodynamic cycle used in the small scale amdodwstrator tests. Of considerable
interest is the high pressure liquid region beytral left extent of the thermodynamic “dome”. Insthiegion, if the
liquid leaving the condenser is precooled beforection into the capillary, more of the availablatfealpy of
evaporation (the available width of the bi-phaserf@”) at the evaporation temperature can be uske.ideal is to
cool the liquid down to the (vertical extensiontb&) evaporation isotherm before injection throtigh capillary, so
that all of the enthalpy at the evaporation temjpeea(around 100J / gm of injected liquid) can kedj minimizing the
required mass flow. The demonstrator was intendddlly exploit this precooling with the liquid fl® regulators kept
cold and the tubing between the regulators anddbal capillaries in the ID volume held within cedl insulated
bundles, as visible in the photographs of Fig. 4.23

Fig 4.26 illustrates the racks containing the m@déd liquid flow regulators (a) and the evaporatfiressure-
controlling back pressure regulators (b). The lgildow regulators were housed in a freezer cabiittt the liquid from
the condenser precooled in a concentric heat egenebefore entering the manifold supplying thevflegulators. An
interesting feature of this precooling was thaitsiéd a counterflow of evaporatingFgin the outer concentric jacket of
a coiled copper heat exchanger, the central tubtatong the GFgliquid to be sent to the thermostructure cooling
circuits. The mass flow and evaporating temperadfithis precooling loop were controlled by the satypes of liquid
flow and vapour BPRs as on the thermostructuresisbbres with the precooling loop evaporation presset to a
similar value as that on the thermostructures.

Needless to say, the bundles of cooling tubes lmtwke cooled liquid regulator rack and the cold hbdich
simulated the cold nitrogen environment around $I&T and pixel detectors of the final installatioeeded to be
insulated to prevent the liquid warming up on itawudated path through the ATLAS magnets. In pracpassive foam
insulation was found to be insufficient for this. p&ir of additional ‘tracer’ cooling tubes was ingorated with the
C3Fs liquid delivery tubes to the thermostructures urttie insulation of each tube bundle. As with thecpoling heat
exchanger in the regulator freezer cabinet, thesets were cooled with counter-evaporatingsCone tube in each
delivery tube bundle being theg liquid delivery and the other the evaporator retéinthe cold box, the two tracer
tubes for each bundle were linked with a capillerya technique calledcold nosing. The configuration of a typical
CsFs liquid delivery bundle and its capillaries is shoim Fig 4.27.

85



IR0kl |G. HALLEWELL: HABILITATION A DIRIGER DES RECHERCH  ES|

Since in the real experiment the coolant tubes &$ween other humidity-sensitive detectors amdr tteadout
electronics an additional skin of active insulatiwas also foreseen. This would have added velg ktktra volume,
being only a thin aluminium or copper foil overcagith Kapton foil heaters and associated tempeszasg@nsors
bonded

Fig. 4.26. Precooled £Egliquid flow regulators (a) and evaporation pressutefining back-pressure regulators
(b) in the multi-channel demonstrator.

Precooling Supply Tube:z
Flow set by Forward
Regulator (shared) ' Precooling Capillary
(insulation stripped off)

lcm “ARMAFLEX” INSULATION ‘

LIQUID BUNDLE || CFs LIQUID TUBESFOR || ALUMINIUM FOIL
PRE COOLING THERMOSTRUCTURES || UNDER ARMAFLEX Precooling Return 5
TRACER TUBE: e Tabe:
Precosling Temperatmre
Set by Backpressure
Regunlator (shared)

“Cold-Nose” precooling the C;F; Liquid Supply Tubes

Fig. 4.27.Cross section of an insulated and preled GFgliquid delivery tube bundle following the flow rdgtors
in the multi-channel demonstrator. Pre-coolinglire tracer tubes is achieved by counter-evaporatioiC;Fg using a
delivery-point capillary (the ‘cold nose’) with guaration pressure defined by a remote BPR.
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to the outside. The purpose would have been to eosgte any cold leak through the Armaflex® insaf&fi and
maintain the other tubes bundle surface above stienated local dew point of ~18°C, thereby prevey the
formation of surface condensation. This was notaited on the demonstrator system, but was coreidarsimple
system which could wait; similar systems havingrbemployed in multi-tube bundles in the SLD and PHL RICH
detectors to keep tubes containing TMAE-laden dai warm to prevent TMAE condensation.

4.4.1. Demonstration of the dynamic regulationaiflant flow

The combination of pre-cooling thesfg liquid flow right through to the point of use detsimulated inner detector
cold volume allowed the pressure upstream of tipdlages to be varied over a wide dynamic rangee flow through
the capillaries was expected to be approximafelyportional to their upstream pressure as lontiasdid not drop so
far as to cross the saturated liquid line — thedefindary of the bi-phase “dome” region in fig@L.1

The “ enough - but not too much” coolant delivemagegy was tested using three control system nesridiscussed
below [69]. In each study the temperature of thieagst tube relative to the evaporation set poimptrature was an
important indicator that sufficient coolant was rgeidelivered. Temperature sensors and analysinteriseavere
mounted on the exhaust tubing downstream of a esitftggrmostructure together with a pair of transpareoaxial
vacuum-insulated Plexiglass tubes (Fig. 4.28) kiseove whether and how far unevaporated liquid evdsring the
exhaust.

Prvel Weik af CERN Sepitemier 2000

Exhaust tube modification for the Cooling System set-up with Haug Compres

2nd Heator - 210 em long in two sections:
1sl section 150 em long; 2nd section 50 cm long nd Transparenttubs

_ g\7) :
¥ = /(
z )
L
|
2
o~
j—-l 1st Transparent | O PRt g
¥ 1 —— Heaters : bDi P ! ci P
. 1} Inner separated from N X
the tube by thermal layer = -
{a) 1.1 mm; /b) 0.34 mm} e Pt 100 in fluid
2) Outer separated from a) b)
Armaflax by Aluminium foil = Pt 100 115 mm 0-35mm
. = - Bl Thermal layer [1.15 mm]
1.' ¢ & ; Tube [Cu] I Kapton heater RAtmm 015 mm
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Fig. 4.28.Exhaust tube diagnostics applied to gl&rtooling circuit to investigate dynamic flow ¢ahand to
investigate the passage of unevaporated liquigs@to the exhaust tube.

%0 Alternative insulation materials with better perfmnce were being considered,
including Cryo-Gel® silica aerogel. Mfr: Asp&erogels Inc. Northborough MA 01532, USA

87



[G. HALLEWELL: HABILITATION A DIRIGER DES RECHERCH ES|

Figure 4.28 illustrates the configuration of thsttexhaust tube with a two-metre vertical transpiaiebe followed by a
section of tube with heaters and a second two-nisresparent tube. The geometry was intended tcehtbhé most
defavourable cooling tube run from the ATLAS inmkatector volume; specifically whether backed upvaperated
CsFs liquid in the vertical section of the exhaust abimhcrease the evaporation pressure (and tempejaturthe
theromstructure under test. Two main variants afagyic flow control were tested, as follows [69]:

0] Dynamic flow algorithms based on powered modules

Dummy silicon modules with resistive heaters wegeipped with indicating relays to communicate th@N/OFF
power status to a bit pattern reader. A DC voltagmortional to the number of powered modules wersegated and
sent from a DAC, through a V2P actuator to applgraportional pressur®c,p to the dome-loaded liquid flow
regulator (and thereby afz pressurdPcap at the capillary input), according to the algamith

Pcap = PFeyap + m*(#powered modules) 0]

wherePg spis the evaporation pressure ands 1/9" the pressure necessary to remove the heat from 10
modules (around 100 Watts), determined from previmeasurements;

Results were good over a wide range of circuit powarying number of powered modules), and indiddtat very
little un-evaporated liquid was entering the exhadhis was manifested by it being possible to r@am the
temperature at a point ~50 cm downstream of thpaaion zone a significant margin (>10 °C) abdwe évaporation
temperature dyap, Over the most of the possible range of circoiver: i.e. from one module powered to all modules
powered.

A small heater wound on the tube downstream offite simulated silicon module , of power 5-10 Wga
sufficed to provide the ‘analyzing’ heat at the esfda thermo-structure, the aim being to maint&i@ temperature,
Tevap , corresponding to the maintained evaporationgures(via the BPR) upstream of this heater andnpéeature of
(Tevap +~10 °C) after it (i.e. for the liquid run out é@cur under this heater rather than under thesisdn module).

Unevaporated £ was seen to bubble up into the first transparehaest tube to a distance of around 30 cm only
during short transients (around 30 seconds) duapid simultaneous transitions from all modulesveed (around
120W total dissipation on the 12 simulated modirethe thermostructure) to zero dissipated powéh wo modules
powered. Importantly, in all cases, temperaturepammered modules stayed below the upper allowasigérature of -
7°C during the transient (ramp-up/ramp-down of wragynumbers of powered modules on the cooling dircu

Interestingly, when the module dissipation wasteetero and the feedback to the liquid flow reguiatisabled
with the regulator set to high flow, the verticalllmn of boiling GFg (of ascending, foamy appearance) seen in the
transparent exhaust did not seem to affect thenigopressure temperature in the thermostructunee gshe foamy
liquid in the exhaust was boiling under the definsuction from the compressor input through the B&Rn though
this was more than 25 metres away, as in the firstibllation. (It was commented that “Torricellich&riumphed over
the leaning tower of Pisa”.)

Nonetheless, a protocol sensing only onpgresenceof power to a module is vulnerable to variatiomshie individual
module power draw, unless adapted to:

Peap = Fevap + M™ 2 (POWERnodule(i) (ii)
wherem’ is the pressure/power conversion constant (mbrw
This protocol was tested with a high current DC powupply serially-powering dummy silicon modulesghwts 0-
10VDC analog monitoring output (proportional to putt current) used as a direct input to the V2Patotu The results
were very similar to those seen in configuratiap @ short (20-30cm) column of foamy evaporanngeseen in the

vertical exhaust only under rapid faH zero power transitions.

Although performing similarly to configuration @bove, this configuration would require (in a mudil power supply
providing the substrate depletion voltage and LVioCthe front end electronics):

. control system access to the monitored and summnedrits on several supply rails per module;
. the power supplies to continuously provide thisiniation.

Since this information is computer dependent, bemagted in the processors of multichannel powpplkes and then
passed through a communication network, this algaris vulnerable to communications failures. Afereed option

88



IR0kl |G. HALLEWELL: HABILITATION A DIRIGER DES RECHERCH  ES|

was a local flow control system in which the tengpere sensors bracketing the analyzing heater @®xthaust tube
fed back to the flow regulator with the minimumiofermediate electronics and — more importanthyithout the need
to communicate with remote computers.

(ii) Direct Proportional, Integral and Derivative controf Fluid Flow.

Direct PID control of circuit flow on the basis #énsed exhaust temperature proved an effectivasdaontrol. In a
first study, a commercial PID controlférdirectly piloted the V2P driver to keep the tengiare at a point ~50 cm
downstream of the evaporation zone a significantgma(>10 °C) above the evaporation temperatusgd, over the

full range of circuit power: i.e. from one modulevgered to all modules powered. No unevaporatgh} @as seen to

bubble up into the first transparent exhaust telven in rapid full power® zero power transitions, unlike in the earlier
tests.

Schematic of the PID Controlier

e NTC#1 e
g— NTOH2 NTC
= L ld— NTCH3  temperature
MCU ADC [— NTCH4 SENSOrs
— NTCHS i foc
ATO0SE513 — e with 2 wire
MAXISS lq— nNTCH? readout
— ~NTCHs
SPI1 Bus o -
» OUTH .j:,o'lm \h’.fl’h
evice whic
» L OUTHZ
¥ DAC E operates the ey
e OLUTHE "
5 pressure
Voltage out (-10V or OUT#S il
Current out 0-40 mA MAXS2S regulator

Connectors for peripheral s
(including DAC card)

Fig. 4.29. (Left) PCB wittAT90S8515 microcontroller incorporating a PID aitfun used for dynamic flow control
(Right) ATLAS Embedded Local Monitor Box (E-LMB) hdling up to 64 analog sensors, with CanBus
communication: supervised ATmegal03 microcontrellao DAC or PID routinely implemented

In a second study, a PID algorithm with a simillgoaithm to that illustrated in eq (4.4) was implemed directly in
the firmware of a microcontroller chfp(APPENDIX 2) of the same family as that uEdr system programming and
monitor functions in the ATLAS “Embedded-LMB” [5&urrently deployed in large numbers around ATLASdow
control activities. The performance of this algomit was very similar to that of the commercial Ptinizoller, which it
was intended to replace much more cheaply usirgretdcs already dispersed around the ATLAS inretector for
temperature monitoring etc.

*1 Model GOFTE-R*E1R-88-N: Mfr: RKC Instrument Co,-BKugahara 5-Chome Ohta-Ku, Tokyo, Japan
52 AT90S8515; Mfr: ATMEL Corp, San Jose CA 95131, US#rogrammed from C via GNU toolkit
%3 ATMEL ATmegal03 128k RISC flashcontroller
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Figure 4.30 shows a typical on-line display of temgtures on the simulated silicon modules alon§eanto-
structure based on a series pair of barrel SClestaguipped with 24 dummy silicon modules with maxin power of
10 Watts per module. The rapid cool-down of thedged modules towards the cooling tube wall teaoee of
around -22°C is evident: the extent of the horiabstale is around 20 seconds. This illustratesotder of reaction
time needed in any dynamic flow control algorithm.
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Fig. 4.30. lllustration of the rapid cool-down ®fstopped modules to near the tube wall temperaiora
thermostructure based on two SCT staves in sefi@szontal scale extent around 20 seconds

4.4.2 Configuring the exhaust for dynamic flow @pien

Figure 4.26 illustrated the exhaust test stand.important element of the exhaust study was to deter the
temperature profile along the exhaust tube undeditions of :

« dynamic flow control where no, or very little, wagorated liquid should enter it;
« simulated fault conditions (failure of the cabletDRink between the exhaust temperature sensorthed
liquid CsFg flow regulator) allowing unevaporated liquid tat@nthe exhaust.

The usefulness of the first, vertical, insulatecexRjlass tube has already been described; it shailvatl no
unevaporated liquid was entering the exhaust wighmicrocontroller-based PID algorithm operatinggreunder full
power=» zero power transitions. This tube was followedabiwo-metre section copper tube with a double-lkeger
Kapton foil heating surface around it. The inneipten layer was intended to boil any unevaporatggidi under fault
conditions, while the outer Kapton layer was gluedan aluminium foil jacket covering 5mm of Armafléoam
insulation and was intended to keep the outer serfd the insulated tube above the expected ATLA®IY dew point
of 18°C. Following the heated section of exhaus$s wasecond two-metre coaxial vacuum-insulated glkess tube
used to observe whether unevaporated liquid rerdaimehe exhaust line — effectively testing of #fficacy of the
inner Kapton heater in the preceding length oféeatibe.
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Under maximum flow fault conditions the innermostiffon heater was found to be relatively ineffectivéoiling
unevaporated liquid, at least over a length of Zrese even when given the equivalent power of thpowered
upstream thermostructure (around 240 Watts). Hewéwas found that even with all the upstreart@id modules
unpowered, and passage of the full unevaporategl @ass-flow of the upstream thermostructure, thatduter heater
alonecould keep the external surface of the insulatibave the expected ATLAS cavern dew point of 1&@n for
relatively modest applied powers of 10Watts peredh some ways this is unsurprising: the extekagton heater is
only compensating the cold leak through the Armafiesulation arising from the temperature differeraetween the
tube (at Evap ~ -25°C) and the ambient temperature of ~22°Chodlgh under such fault conditions the external
Kapton heater would have been incapable of evapgraany remaining & liquid (meaning that it could eventually
travel through the exhaust tube up to 30 m to theklpressure regulator) it would be a simple matteadd another
level of interlock to the flow control system, withtemperature sensor under the exhaust tube fiosula a point
several tens of metres distant from the SCT orlpiréector, capable of interrupting the signalite V2P actuator in
the case of such an anomaly. Heat exchangers atadchave been added to the individual exhausstimhmediately
upstream of the BPRs if it was considered thatrth@mbranes were at risk of exposure to unevapbiaiaid or
exhaust gas close to the evaporation temperatinis. fault heat exchanger might have taken the fofra common
heated ethylene glycol bath through which the iidllial exhaust tubes passed before entering theRsBPhis was a
configuration already used extensively in ATLAS kg installations.

It was decided that the next step should be toextleknal active insulation with aluminium and réses Kapton foil
heaters to the exterior surfaces of the inlet addhest multi-tube bundles of the 3-D demonstrabaws in Fig 4.23,
allowing a typical power capacity of 15Watts/mgter input/exhaust tube in each bundle. In the oasiee GFg input
liquid tube bundle where the liquid was pre-codadmiost to the evaporation temperature, the samepdensity was
likely to be needed at all times along the entireet bundle length - from the pressure regulatok through the
ATLAS magnet to the start of the inner detectodceblume. In the case of the exhaust tubes, whiekcept under
fault conditions - would contain only cold vapouanming up on its way through the tubing - a londjit@l ‘zoning’
system was planned with certain zones (of a fewandength) powered by variation of the duty cyaie fixed DC
voltage, based on the signals from local tempegatansors on the outer surface of the cooling buipelles.

An inexpensive multi-channel switching circuit bdsen zero crossing AC relays followed by full waeetifiers

and smoothing capacitors (Fig. 4.31) to providé start DC for use in the ATLAS magnetic field,

Schematic  of “Soft-Start” DC Generation
for Heater Operation in a Magnetic Field

Low Ripple Current
Electrolytic Capacitor
Heatsi Netwnrk

{ Solid State, Zero Crossing Relay, on CryoWall
i e.g. Grayhill 70-OACS :

—— H
Low Resistance

Full- Wave PRI i
vt ] ul

1 Channel jof Heater Driver in USA1S

SVdc
al
NTC Sensor Radiation-Qualified > J

on tube bundie opto-isolator package K Sienal

- LE:

Fig. 4.31. Circuit for ‘soft-start’ DC heater powiag in a B-field - for example on tube bundle agfinsulation.
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based on the heater drivers used in the SLD CRHD \¥as under consideration. The zero-crossing A@y*éonly
allows the output to be switched on or off as thyeut AC phase passes through zero. The DC genefratedthe
rectifier therefore has an intrinsic up ON/OFF rathpe of ¥4 of the AC cycle, or 5ms for 50Hz AC, wethg
switching transient “BLI” (Tesla-metre-Ampere) ¢as on the heater wiring.

The presence of current in the heater circuit {{fsoanalog value) was detected using an inexpenspmisolator
circuit with the LED emitter across a low resistamarrent shunt in each heater circuit.

Further positive considerations included the vegynpact nature of the heater switching channels 48iag
accommodated in a 6U 19” chassis for the SLD CRD.4.32) and the noise immunity: noise on the XDayated
from 50Hz AC is much further from the typical 50R€-CR bandpass of the pixel and SCT front endireleics than
the 500kHz or higher chopper frequencies associai¢itl DC switching supplies. This circuit was thiere an
attractive, robust and inexpensive candidate faptation to the ATLAS application.

L p— | |"-

Inside View: 32 Channel
._Heater Dr_ier / Monitor Chassis

- . 3‘ SmnnthingCapaci;ni ‘

Ta gy

- - | { w 3 \
| Cable misconnect/disconmect
detection and interlock board

Channel command [ ‘ Channel ONOFF mon ‘ | Channel ONJOFF mon ‘ ‘ Chaniel comuiand

Fig. 4.32. Compact implementation (32 channelslnl®” chassis) of zero-crossing AC powered heatared.

4.4.3. The plan: Proportional, Integral & DerivagPID) firmware for the ATLAS E-LMB

Figure 4.29 illustrated the ATMEL microcontrollesad in the ATLAS E-LMB monitor node, into which yweoposed
to add a PID algorithm for dynamicskg flow control adapted to instantaneous variatiorthaf load on each cooling
circuit. Although E-LMBs are daisy-chained to each other tliedcomputers using the industrial field-bus CAM][all
PID- related activities - sensor acquisition anspomnses- would be strictly local. This local cqtde viable since E-
LMBs are specified to tolerate a radiation dosé &y and 18" neutrons yfcm?and a magnetic field of 1.5T, and can
hence be placed everywhere in the ATLAS experimieateern outside of the calorimeter.

It was estimated that enough memory space remaiméige E-LMB controller (given the firmware exisgj in

200/2001) for 4 separate PID blocks each implemgntin algorithm based on a formula similar to efi4)(
[APPENDIX 2] allowing 4 cooling channels to be ldgacontrolled. The cooling demonstrator of Tabl& 4nd Fig

5470 OACS: Grayhill Inc., LaGrange IL 60525, USA.
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4.23 would thus require 7 ELMBs. In its presentidhe E-LMB has 64 analog inputs and 24 digital bi@. It is not
equipped with DAC outputs although these can (andemecently have been) be added using a port ctioneto an
additional mezzanine card. At the time of the sasfig demonstration of dynamic flow control witheprooled liquid
there was considerable interest in adding both D#@tionality and of programming a PID algorithntarthe E-LMB
microcontroller [71], [72]. Collaborators at NIKHEKere beginning to consider this, as evidencedign 4:33. The
DACs proposed would be either LVDC (0-10V outpute?20mA output for driving long distance curreoops.

ELMB-PID CANopen systm L1 20-May-2003 DAC-modile for the ELMS V0 18- Feb-2002

ELMB-DAC
16-channel 12-bit DAC-module
ELMB Jfor the ELMB

PID"CO lltl‘Ol ler user manual, version 0.0
(fra m ew 0 rk) 18 Feb 2002

Jaap Kuijt, Pier de &roen, Poul Timmer,
Braniel Tascon Lopez, Sander Schouten, Henk Boterenbrood

ELMB-based multiple PID-controller
with CANopen interface Nli:EF
Amsterdam, NL
Table of Contents

1 INTRODUCTION . cimvspsisisiismsratarss
version 0.1 (draft) 2 HARDWARE DESCRIFTION

3 SPEED OF OPERATION e

software user manual,

4 SETTING A DAC-CHANNEL SINE

20 Meay 2002
* 5| CONNECTORS AND JUMPERS ..cocssiionsimasmssisisimsimsssssimssinsessiasissiimisssisi |

Henk Boterenbroacd

F REFERENCES..........

APPENDIX A, MAX: DAC 9

De
KE

Fl VAN
AFPENDIX B, COST ESTIMATE o ieicicimisnaiimimsiimmisimsssisss sssssmssasmsmsssssmsrasisia 1)

APPENDIX C.  SCHEMATICS — | |

Fig. 4.33. Front pages of proposals to add PID &#C functionality to the ATLAS E-LMB.[71],[72]

With these additions all the elements for dynamigperative flow regulation of pre-cooledRgevaporant would have
been in place for the development of a multichaisystem to meet the combined SCT and pixel cinrtaitiularity of
204 cooling circuits (116 SCT & 88 pixel) and powequirement of ~63kW as indicated in table 4.5.

Sadly, this promising situation was not alloweaomtinue (for reasons probably best only verba)iz&tle work on
the E-LMB & DAC extensions was alsdandoned — the need for it ‘evaporated’.

93



[G. HALLEWELL: HABILITATION A DIRIGER DES RECHERCH ES|

4.5 The as-built ATLAS gFg evaporative cooling system and its shortcomings

Table 4.5 illustrates the evaporative cooling dircoodularity & power requirement of the as-builTBAS SCT and

pixel detectors. Strenuous claims were made thadmijc control of evaporative coolant flow in suchyatem was too
complicated, too error prone, too counter-intuitteebe workable, and that a simpler system based fixed flow —

including a 20% ‘safety factor’ in excess of therstaase silicon consumption - to each coolinguiir irrespective of
its instantaneous power consumption, was preferdbée possibility being to boil off all the un-evapted liquid in

each circuit in a local electric heater in the axdtdubing located within the inner detector coddivne.

Table 4.5 Evaporative Cooling Circuit modularitypwer requirement for the ATLAS SCT and pixel détes.
Power load Subtotal

_Tracking Surfaces Capilla(ies _No_. / circuit power load Nominal mass
(final system) [circuit circuits (W) (kw) flow / circuit (g/s)
SCT Barrel (4 layers) 2 44 504 22.2 7.8
SCT EC (3 circuit disks : 16 3 64 347 22.2 5.7
SCT EC (2 circuit disks : 2) 2 8 242 1.9 4.5
Pixel Barrel (staves in series) 1 56 220 12.4 4.1

Pixel Discs (sector pairs in

T 1 24 110 2.7 2.1
series: 6 disks)
Pixel service panels 1 8 220 1.8 4.1
TOTAL 204 63040 63.2 1057

The concept of ‘pre-cooling’ liquid 45 in insulated tube bundles was a ripe candidatesdorifice. If the cooling
were done locally in the inner detector volumeoitld be argued that the insulation around the dicauipply bundles
could be eliminated, saving space in the serviegssgges through the magnetalue addedLikewise the use of a
vapour-liquid heat exchanger in each circuit clasehe detector would allow the cold vapour to cth@d incoming
liquid in the same circuit a concept called ‘sub-coolifgin standard refrigeration terminology. Furthermafehis
heat exchanger were followed by an electric hdatde each exhaust tube, in principle any liq@ichaining after the
heat exchanger could be evaporated and the terapeitthe vapour in the now un-insulated exhauts¢ trought to a
temperature exceeding the local 18°C dew poinbhgudiesameelectric heater.

The main selling point of this fixed-flow philosophvas the elimination of all insulation around thgguid supply
and return services. The problem with this approaek that as the now-uninsulated tubes passedgihrservice
channels containing low mass cables of high hesgightion, the ¢ liquid would in some places be exposed to
temperatures as high as 35-40°C. At these tempesatthe s.v.p. of thesEs liquid in the supply tubing would be
around 15bag,s. It would therefore be necessary to deliver thEs@quid to the capillaries at a greater pressuemnth
this to avoid premature boiling in the liquid deliy lines. New-found necessity being the mothaneéntion, it was —
nonetheless - chosen to increase the condenseupgesand with it the compressor output pressurfeom the 8-9
bar,,s used in all previous small scale tests and inddmonstrator programme - to around 1Zharesulting in a
change of compressor from a single stage to twgestzersion. Longer capillaries would be neededha hew
circulator philosophy, but that was a fairly benmrange compared with the others, which passethhdesign review
in May 2003 [73].

Figure 4.34 shows the schematic of a cooling dirand the positions of the sub-cooling heat exchahgtween
the exhaust &g vapour and the incoming liquid, and the exhausttet heater intended to boil any unevaporated
remaining liquid upstream of the un-insulated emtadubing leading the 30 metres or so to the badgure regulator
rack (effectively the region between the middle dadier boxes in Fig. 4.34). Figure 4.35 [74] illetes the
corresponding thermodynamic cycle with letter refees to the various parts of the implemented itircu

The same-circuit sub-cooling principle as usuathplemented (for example in a domestic fridge) &t tine cold
evaporated vapour leaving the evaporator impartsald energy to the liquid arriving at the inpéitiee capillary. This
exploits the approximate equality in, @Ghe specific heat at constant pressure) of agestnt in its liquid and vapour
phases (in the case of the SFCs this is around 16g0.K™). It is generally sufficient — viewed on a pressenthalpy
representation such as Fig 4.10 or Fig 4.35 -ttietemperature differences (delineated by véritszdherms) of the
liquid subcooling between the condensation tempegab the input of the capillary and between thpour warm-up
from the evaporation temperature to the start efcibmpression

%5 In this work ‘precooling’ refers to the cooling iscoming liquid to a temperature as near the eratfmn temperature as possible
by an independent external cooling circuit, whiabcooling’ refers to exhaudt input cooling in the same refrigerant circuit att
used to extract heat from silicon modules.
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Fig. 4.35. Thermodynamic diagram of the impleme#&&UAS fixed flow evaporativelg cooling system
with uninsulated services, local heat exchanger exithust heater.

phase are equal. This is manifested, for exampleig 4.10, by length§G and BC being equal at AT of 45°C,
although here the pre-cooling would have been aedidy GFg counter-evaporating in a separate common circuit,
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with the combination of dynamically-controlled flowelatively modest exhaust active insulation arapour

temperature-raising heat exchangers (overflow fardtection) near the back pressure regulator rackthe ATLAS
service platforms.

In the ATLAS fixed flow implementation, by conttaghe efficiency of local subcooling vapour/liquiteat
exchangers (Fig 4.31) was compromised by local espaanstraints, resulting in  a minimum liquid irtjea
temperature to the capillaries of no lower tharP@;015°Chigher than the optimum (poiitin Fig 4.35).

Defining the heat exchanger efficiengy|74] by:

To— T
nlo=h
In - 1>

whereT, is the temperature of the liquickg arriving through the uninsulated delivery tubess(aned at 35°C); is
the temperature of the liquid leaving the heat arger to enter the capillaries (taken to be -10&@) T, is the
evaporation temperature in the silicon structuakeh to be -25°C).

By this definition the heat exchanger efficiencysvtaken to be 75%, thereby requiring an additifioal of coolant
to compensate.

Fig. 4.36 illustrates the configurations of subowplheat exchangers for SCT (2-capillary, 1-exhabstrrel
‘quartets’ (a), SCT (2- or 3-capillary, 1-exhaudigk sectors (b) and pixel (one- capillary, oneadt) cooling circuits
(c). Exact geometries were circuit dependent, dugpace constraints within the inner tracker volume
However in the case of the SCT heat exchangerdighid tubes passed through a portion of the eshaube while in

the case of the pixels the liquid supply tubes veamgply glued to the outside of the correspondhig tvall aluminium
exhaust tube.
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Fig. 4.36. Configurations of subcooling heat exdens for SCT barrel ‘quartets’ (a), SCT disk sest(i)
and pixel (one-in, one-out) cooling circuits (c).

This extra flow to compensate the heat exchangdfigiency is discernable from Fig 4.35: althoude tengths
D'D” andFF’ in Fig 4.35 are approximately equal, zah®Hyv is biphasic, rather than vapour-only: the colérgg
in the fluid entering the exhaust in the combinedf of unevaporated liquid/cold vapour (the comtizenes PH,
and H=>F' respectively in fig 4.35) exceeds that which tenabsorbed by sub-cooling the incoming liquithie zone
D’=»D”. A significant power overcapacity is requiredrfthe exhaust heater of each circuit, even whethalsilicon
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modules in the circuit are operating at full disgipn. This situation is illustrated in table 4@ the case of an SCT
barrel stave ‘quartet’ with 504 W maximum silicilmad cooled with a constant mass flow of 7.8discluding safety
factor: see also table 4.5) for evaporation atG2a$ illustrated in Fig 4.35. For a liquid temperatat the capillary
input of -10°C, the available enthalpy is 75 J'giiH,, equivalent to 585 Watts cooling capacity at &8g.giving a
roughly 16% excess (roughly equivalentidv) to for the maximum silicon power to be evacuated.

Table 4.6 Exhaust heater power requirements: diffesilicon power dissipations in SCT barrel stanmrtet’.

Silicon. % CF Exhaust heater| Exhaust heater power to rais¢ Total required | Heater
Power liqui d8 power to boil fully evaporated coolant exhaust hegter power as
(504W evaporated unevaporated from Teyap=20°C power: varying | % max
max) liquid (for Npex = 75%) Si. loads Si. power
504 86.3 81 88 169 33.5
400 68.3 185 88 273 54.1
300 51.3 285 88 373 74.0
200 34.1 385 88 473 93.8
100 17.1 485 88 573 113.7
0 0 585 88 673 133.5

It can be seen that in standby conditions the extHaeater power exceeds the silicon power dissipdtty a factor of
33%, representing a total heater power for all2b circuits in the SCT and pixel tracker of ~ 85kW

Fig 4.37 illustrates the positioning of individuzfcuit subcooling heat exchangers and exhaugetrsdevices in the
ATLAS inner tracker volume in a quadrant view. Thearel SCT and pixel subcooling heat exchangere werunted
horizontally while those of the SCT disks were ntednvertically at varying azimuthal orientationsg(F4.38), as were
the exhaust heaters which followed the heat exdrang

Z=0
[ Heat exchanger
[ Heater

AR RN ..
MR

N

ID gas barrier EC SCT

Barrel SCT

—_— Pixel detector

Fig 4.37. Positions of individual circuit subcodjifeat exchangers and exhaust heaters devices
in the ATLAS inner tracker volume.
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Fig 4.38. Example of (9) SCT disk cooling circuibsooling heat exchangers installed in the ATLASdlime.

The exhaust heaters were located downstream afubeooling heat exchangers using as short a lesfgilibing as
possible. In some cases this had to be insulafed example when exhaust heaters were mountedeotigihid argon
calorimeter end flange or outside thgurged inner detector cold volume (Fig. 4.37).

Figure 4.39 illustrates an exhaust heater (in ¢hise a barrel SCT ‘quartet’ version). A coiled hepelement of
80/20 Constantin/.Ni wire is embedded in an insu¢ptmagnesium oxide carrier bonded to the insidk efea section
of the exhaust tuB® The element was intended not operate above 1(fé?Gsufficient safety margin against th

e

decomposition of the 45 fluid which is believed to be significant at temgieires above 200°C). Its direct contact with

the fluid was expected to confer high thermal @&ficy; an early demonstration with a heater folS&T barrel stave

‘quartet’ circuit having been shown to boil all tipassing GFg liquid when no power was applied to the silicon

modules; also raising theskg vapour to 20°C with a maximum element temperabéire 80°C.

Although interesting, this turned out to be a neags but insufficient test, since electrical imnensheaters (rod-
like or cylinder-like as in this case) are intendedheat liquids with thevhole length of the element immersed. |
varying orientations to the horizontal, with pdrtieetting of the element surface, (for example amditions of low

n

content of unevaporatedfg liquid) very high temperatures (> 120°C) couldrbached on the unwetted downstream

ends of the heating element, necessitating a dapticthermal interlock. The thermal interlock wasaddition to a
temperature sensor on the exhaust tube around B0emstream of the heater used for PID regulatiothefheater
duty cycle using switched 110V DC in response t® ¥hriation in the sensed temperature. The PIDridfgo (an
equation of similar form to eqn (4.4)) was prograganinto channels of an industrial process controltevas found
necessary, however to set different values forRhaportional, Integral and Derivative terms, notyofor different
heater power ratings (as in Table 4.6) but alsdifferent azimuthal orientations of heaters witle t,ame power
density. The latter was due to the differenceguid wetting of the heater tube wall due to thieek of gravity.

The heaters turned to be one of the most unreliareponents of the implemented evaporative codysiem. In
addition to over-temperature problems with dried sections of the element, there were repeatedrésiland short
circuit breakdowns at the points where the heagiiegnent penetrated the heater tube wall to cortoeshort copper
conductor extensions terminating in connectorseAixtensive tests it was concluded that it wasaimsic problem
of electrical breakdown at the interface betweendpoxy sealing the connector and the mineral-#tedlheater cable
probably caused by trapped humidity in the magmeginide heater cable cladding.

This problem caused significant cost and time awesrto the commissioning phase of the projectistpih early
2007, requiring the setting up of a task force esmkated visits to the manufacturer. Finally a mesign of splice
connector was supplied by the manufacturer whidlesiothe problem. However, the problems had alrezalysed
significant modifications in the ID installationcgeence and schedule and the overall mechanicalgewafion of the
cooling system within the ID volume. Confidencetlie heater reliability had become so low that 84 heaters were
moved from their original inaccessible locationgy(E.37) to new accessible locations outside tinerrdetector cold

%6 custom design by Thermocoax SAS, 40 bd Henri SeBigt56 Suresnes Cedex, France
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volume, their original locations being closed wilitank tubes. In many cases the heaters had to lohamieally
modified to fit in their new locations [75].

Heating Heater
wire body
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8 70T
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Figure 4.39. Example of an exhaust heater in¢hise a barrel SCT ‘quartet’ version.

Table 4.7 Original exhaust heater configurationdtie SCT and pixel cooling circuits.

Circuit Nominal circuit | Heater design| Tube 1.D./O.D| Wire diameter | Element hot| Free internal
power (W) power (W) (mm). (mm) length (cm) diameter

SCT 504 960 14/16 2 331 10
Barrel

SCT 347 650 11/13 1.15 363 8.7
Disk

Pixel 220 480 11/13 1 373 9
Barrel

Pixel 110 260 11/13 1.15 402 8.7
Disks

As previously discussed, the choice of uninsul&ge, supply tubing and its exposure to temperatureékdrrange 35-
40°C in the vicinity of low mass cables of higlahdissipation required an increase in the liqutivery pressure to >
15bar opsprevent premature boiling in the tubes. This lissttated in the zon€DD’ in Fig. 4.35 where the 4
temperature drops from the condensation temperaturé2°C (the gFg vapour from the compressors having been
condensed at a pressure of ~ 17hawia counter-flow with water) to around 21°C on vigy from the ATLAS
technical cavern USA15 to the distribution rackstlom ATLAS service platform30D). From here the liquid heats to
around 35°C in proximity with the cableBl’). Figure 4.40 illustrates the two stage compnesSanstalled in
USA15. These operate in parallel, with one commness reserve and another usually undergoing maamtee — to
circulate and compress around Tkgsf C;Fs vapour from an input pressure of 900mparto the condensation
pressure of 17bgy Also visible in Fig. 4.40 is thes£; condenser (blue- centre view) and th&d&torage tank, which
could recover and store approximately 1 tonne 4#%@quid. The various elements of the system artesithted in the
‘off-detector’ schematic of Fig 4.41.

>" Model QTOGX-160/80, Input pressure 0.8-1.4haoutput pressure 17 bag80-160mhr* CsFg; Mfr: Haug, St Gallen, Switzerland
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Fig.4.40. Compressor installation in ATLAS USAldhtecal cavern for the {5 evaporative cooling system.
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Fig. 4.41. Schematic of the ATLAS inner detectsi Evaporative cooling system concentration on the
‘off-detector’ elements in the USAL5 technical canand on the ATLAS service platforms.
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The cooling plant was partially installed in Jur@®@. The commissioning of the cooling system (felly the heater
problems) started with the SCT barrel in Noveml@07 before the completion of the external coolimgjallation, to
confirm the heater modification and to advancediiector commissioning schedule.

In April 2008, the installation of all cooling cits was completed. However in May 2008, during the
commissioning of the pixel detector, the systemeeignced a catastrophic failure of three of theesetaug
compressors, after 22, 70 and 370 hours of serdicénvestigation showed that this was caused bgxaended period
of running with the magnetic couplings between thetor and the crank to the four pistons intermitteslipping,
causing (eddy current heating) damage to the nagneta domes separating the motor magnet and #k anagnet.
Unfortunately these domes also isolated the loveqane (~800-900 mhgpd CsFs process gas in the crank case from
the external air. This damage resulted in a los$08f kg of GFg and considerable particulate contamination of the
compressor end of the cooling system, in additiondcessitating removal of the three compressors.

After the repair of the damaged compressors arahitlg of the plant, the commissioning restartedugust 2008.
The cooling system was operated fully until the eh@008, achieving 96% availability during thetlgwgee months of
that year. However it was soon found that excesgibeations induced cracking and leaks in the extkpipework
linking the eight cylinder segments of each commwesThe pipe work was completely redesigned ardalifted by
stress and vibration analysis. This modificationsvapplied to all six compressors during the shutrdat the
beginning of 2009. The cause of the vibration heentthe subject of much discussion; a ragidsumption of the non-
metallic piston rings in the high pressure zonethefcylinders is likely to cause a progressivarasetric thrust on the
central crank, which is supported by only two begsi Since this reciprocating geometry resembledenaoradial
engine (with only one piston in each azimuthal pos) than (for example) a 'V’ engine with multiptylinders the
two azimuthal positions, any cylinder with a palrlioss of compression had no partner at the saimeush to help
compensate. It was also commented that the pisignarear was unsurprising in a device with the coaapion ratio of
a diesel engine but none of its lubrication.

The complete cooling system was in operation agaidune 2009, but the high maintenance overheathef
compressors continues to cause concern, and has thd setting up of a task group to examine édtiive means of
circulation. This is discussed in section 5.3.

The renewed operation of the complete cooling system June 2009 also allowed a systematic studthef
operational temperatures on the inner detectarosili It was found that the SCT Barrel ‘quartettuaits could not be
made to operate at their lowest specified temperatof -7°C [56] through excessive pressure dropke exhaust heat
exchanger and electrical heater combination. Indésed temperatures were routinely 10°C above-THE target [74],
the result ofan effective, unwanted, increase in evaporatiosquie of 1.2 bar. Although it is claimed in somartgrs
that this problem doesn’t cause any adverse effecand will not for many years (though it will aft the leakage
current at the end of the life of the detector)][TBese claims are based on an accumulation ddtrad dose based on
smooth projections of LHC luminosity increa®el10* cmi?s® without any beam loss incidents during either @mnoar
periodic heavy ion running.

To operate the SCT barrel silicon toward the spetif7°C operating temperature, the lowest pressareof the
system - the aspiration pressure of the compressweosiid have to be reduced. The problems withdhésthreefold:

« the present aspiration pressure is ~0.8b@here is insufficientfootrooni for a 1.2bar reduction;

« the vapour volumetic pumping requirement would éase substantially, since the evaporation at lower
temperature would result in higher liged gas expansion ratios. This can be seen for exampke
comparison of Tables 4.2 and 4.3 fafF§;

« for a fixed compressor discharge pressure the oesspr pumping speed drops with decreasing aspiratio
pressure (as the compressi@tio increases), as illustrated in Fig 4.42 for the Halgdel QTOGX-
160/80, at a fixed (unchangeable) output presshifiey dag,s and an aspiration temperature around 20°C.
The arrow shows the ATLAS operating point, wherm @lspiration volume flow for a single compressor is
around 80rthr? At this temperature the superheated vapour deissityound 9kgii. The corresponding
aspiration mass flow is therefore 200gnfer a single compressor. Six such compressorsieeeled for
the full flow of the silicon tracker.
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Volumetric flow vy compression ratio at 17 bar ;. discharge pressure
for single Haug model QTOGX-160/80 2-stage compressor:
Py: 0.8¥ Ldbaryg Poy : 17bar 4 flow = 802 160m°hr!
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Fig 4.42 . Volumetric aspiration flow rate vs comgsion ratio for a single Haug QTOGX-160/80 comgoes
At 800mbay,,s (Compression Ratio = 21.25) the aspiration mass i 200g3

Table 4.5 indicated that the total expected mass df the ATLAS silicon tracker would be around 3k@s".

The original total pressure drop in an SCT bar@Ve ‘quartet’ thermal test structures was 330mbaater this rose,
for 504Watts dissipation, in the installed syst&m20 mbar with the following break-down:

e SCT barrel stave ‘quartet’ evaporator output TEBOmbar

« subcooling heat exchanger: 170 mbar

» exhaust electric heater: 160mbar

* tubing to backpressure regulator on ATLAS serviaegh (16mm ID tube): 90 mbar

This budget was exceeded due to the excessivedanpe (limited tube diameters) in the SCT baraVestquartet’
exhaust TEEs carrying the highest flow of coolaablge 4.5), the corresponding sub-cooling heahamgers and
exhaust electric heaters. Additional pressure dve@® also introduced through the necessity of mpthe exhaust
heaters to more accessible positions on the ingiecctbr end flange, with the replacement of a ledtarger ID tube
with that of the electrical heaters. The high flg®; =1.0) Tescom backpressure regulators also exHikiteositive
offset of their GFg operating pressure and the dome command preSshisawas typically ~100 mbar with the original
50um stainless steel diaphragm at the full flow ofua 8gs and an operating pressure around 1000gbahis was
the only impedance problem that could be easilyestatd, the BPRs being on accessible service ptatfoonce their
membranes had been changed to a softer materigloiG®) which had been ‘pressure trained’ the effgressure
could be reduced to an average of 50mbar.

Given the impossibility of lower aspiration pressthe author had proposed two methods [76] tanikent the rising

trend in expected exhaust pressure drop and cosgrefress problems. These are both now the subjentense
effort in ATLAS and are discussed in the followisections.
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5 Changes to the present ATLAS evaporative cooling stem for it to cool the
silicon tracker to the ID and Pixel TDR specificaton

The methods proposed by the author [76] to circurhibe exhaust pressure drop and compressor urifigjia
problems were;

@)

(ii)

raising the evaporation pressure while maintainthg same evaporation temperature through the uskaa
blend of SFCs with a higher combined s.vlfhe blend ratio would be tuned to accommodate Rigtieg
pressure drop. In addition the blending would redilne vapour flow rate, since the lower boiling pemature
(more volatile) component would have a smaller itigh vapour expansion ratio at the evaporation
temperature than its partner, reducing the volumetapour flow by a factor depending on its molar
concentration in the blend. The natural partnerGgf; is the next lightest SFC — hexa-fluoroethang={C
The higher evaporation pressure of such a blenddimave the added advantage of operating the caspre
at a higher aspiration pressure (lower compresgiio) where its pumping throughput would be greate
Fewer compressors of the present type (if retaimexd)ld be needed in simultaneous operation: MTBEEM
Time Between Failures) would probably be increased;

further reducing the compression ratiothe principal limit on throughput (and reliabjliin the ATLAS
implementation) with the use of a surface condendéth a surface condenser a large fraction ofhiuh
pressure of 17bar required for liquid supply thiodlge uninsulated tubes would be provided by eigutioin

of the pgh hydrostatics of a 80-95 m column of liquigRg or mixture descending the ATLAS pit. The large
difference in liquid (vapour) densities of ~16505)6kgm?® implies aogh pressure drop of ~60 mbar fogRg
vapour ascending the deep pit to the surface caaide@ompressors could be retained in the undemgrou
cavern, as at present, but operating at a muchrlogmpression ratio (output pressures < 1Qhdor greater
reliability, or could be eliminated entirely frorhe primary coolant loop if the surface condenserevte be
operated at a lower temperature than the on-deteeaporation in athermo-siphon mode of operation.

These approaches are the subject of intensive ,sisdyiscussed in the following sections.
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5.1 Operation with GF¢/C3Fg evaporative blends

As a means of increasing the evaporation pressura fgiven required evaporation temperature aro@bdC, the
author proposed the evaluation of blends gfs@nd GFg. The increased exit pressure at the exit of thé &al pixel
detector structures would mitigate the effectsrekpure drop in the exhaust heat exchangers acti@leeaters and in
the tubing linking the SCT and pixel structureshvitie back pressure regulator racks on the ATL#Sise platforms.

A mixture adding 10-20% of £ to GFg is foreseen. The PC-SAFT equation of state has hesed ([77],
APPENDIX 1) to calculate the pressure-enthalpy diag(and with it the s.v.p., critical temperaturel ressure) of
various mixture combinations, as illustrated ingkg1-5.3. It can be seen that the evaporatiomefmixture is not
isobaric: as the concentration ofFgin the mixture increases so does the pressurereif€e between the input end of
the evaporator (immediately following the capillprgnd the end of the structure (upstream of theaesth heat
exchanger and electric heater). Figure 5.1 showgvtolution (for example) of the -23°C evaporatsmtherm for 10%
C,F¢/90% GFg, which varies in the range (~2.5 ha®~1.8bag,).

CyF; + CF;
Mass fraction of CyFg: 0.1

LIGUID PHASE : I ¥

T
3 |
a |
- !
a ,v"""
g - .
] :
o ol
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il
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= 300 —— 310
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0,1
Enthalpy [J/kg]

Fig 5.1. Pressure-enthalpy diagram for an evapargtinix of 10% @F¢/90% GFg(PC-SAFT)

Figure 5.2 shows the evolution of the same -28@poration isotherm for 20%ks/80% GFg, which varies in
the range (~3 bagye>~1.8bag,), while Fig. 5.3 shows the evolution of the -238-43°C evaporation isotherms for a
mixture of 50% GF¢/50% GFg. At -23°C this varies in the range (~ 6.5, ~4 bagy). It can be seen for the 50%
CF¢/50% GFg mixture that much lower temperatures of evaporattan be conveniently reached at convenient
evaporation pressures. For example at -43°C thapagation isotherm varies in the range (~4,4@~1.5 bag,). Such
a mixture might be of interest in an upgraded teackhere lower operating temperatures might besseeg to protect
silicon detectors from type inversion and leakageent — induced thermal runaway at higher ramiiatiuencies than
foreseen at the #ftm's? intensity of LHC phase 1 running.

This mémoire,however, is restricted to the developments cuyramider way to evaluate cooling mixtures in the
range 10-20% £Fin CsFgto allowoperation of the present ATLAS configuration ofénassible on-detector cooling,
exhaust heat exchangers and electric heaters itirtiee preceding the LHC luminosity upgrade. Witlesh new
mixtures in mind, a dedicatedkg/CsFgblend circulator has been commissioned in the ATLBR1 surface building,
while a new test bench for measuring heat transfefficients in these mixtures — an indispensiblasurement of
their cooling performance - is also presently uncinstructionAs part of the evaluation programme o4 /CsFg
mixtures, a combined ultrasonic flowmeter/ gas mtanalyzer is under development, as discusseekiion 5.2.
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5.2 Sonar analysis/flowmetry of £5/C,Fg mixtures

With the serious consideration ofFg/C,Fs mixture for cooling the ATLAS silicon tracker itag natural to require a
system to monitor the circulating mixture. Concewere raised that the mixture might decline incemtration of GFg
with time, as the more volatile component mightimare likely to escape through leaks. It is na&ye® quantify these
concerns so it was decided to develop a more modension of the SLD CRID sonar for this. This deviwould
combine mixture analysis and flowmetry in the sanstrument, which could be installed at a convenint in the
grouped vapour exhaust returning to the extermaukition plant. An instrument of this kind wastadged in the SLD
barrel CRID radiator recirculator, as shown in 5ig.

Fig. 5.4 Ultrasonic flowmeter installed in the SbBrrel CRID GF1,/N, radiator recirculator.

Three examples of the instrument were recreatetth mvore modern electronics with a 20MHz transitetiolock and
connection via USB or CANbus to a supervisory anshitering computer running PVSS¥I— the CERN LHC
standard for SCADA (Supervisory, Control and Datayéisition) systems. The instrument combined amafymctions
with those of a conventional ultrasonic flowme(el=M), in which difference in sound transit time directions
aligned at angles (< 90°) to the vapour flow caeldyithe flow velocity. Figure 5.5 illustrates thengral UFM
incarnation: the transit timeg,,n and t,, of sound pulses transmitted over path lengtthrough the gas flow in

opposing directions aligned at an angldo the flow in a tube of cross sectional ateare given by:
tgown=L / (C + v co%D) , tp=L/(c-vco®) (5.1)

werev is the gas linear flow velocity (Msand thec the speed of sound in the gas. The gas flow vigleein therefore
be inferred from the two transit times by:

%8 By ETM professional control GmbH, A-7000 Eisenstddtstria fittp://www.etm.at/index_e.asp?id=1&sb)=1
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Transceiver

Transceiver

Fig. 5.5 Ultrasonic flowmeter: generalized layoudagprinciple

v =L/2c08b * ((ty — )/ tu- o) (5.2)

and the volume flow V (fs?) from:;
V=v*A (5.3)

The sound velocitg is inferred from the two transit times via:
C = L/2 * ((ty + to)/ tu ta) (5.4)

It can be seen that (contrary to the case in gatumi analysis) it is not necessary to know theohlbs temperature of
the gas in the UFM in order to measure the flovoeiy. The geometry of Fig. 5.5 presents littlsistance to the flow
of the gas, but is more difficult to construct. mtions must also be made for the extra unswegphdeof the process
gas between the ultrasonic transducers — a catibrétat can be made at zero flow. We decideché grototype
instruments, which were not intended for partidyléigh flow rates, to adopt a simpler sound patinafiel and anti-
parallel with the gas flow direction. As in the Slifistrument the ultrasonic transducers were cerntréatger diameter
‘blisters’ at each end of the UFM tube, separatgé lcentral tube whose inner diameter was similahé transducer
diameter. The ultrasonic transducers were sepalateatound 666 mm and equipped with PEEK conicélediors.
The annular area between the transducer and tiae iobthe wider region of tube at each end wasehdo be as close
as possible (given the restricted choice of stotle tdiameters) to that of the thinner central tasel]lustrated in Fig.
5.6. The mechanical envelope was of welded stargteel with Conflat® flanges. Lateral ports warstalled for the
injection and pump-out of calibration gases. Siteiinal NTC thermistor temperatures sensors werlied: their
wiring, together with the screened twisted pairs floe ultrasonic transducers, terminating in hemrnetultipin
connectors on lateral tubes at each end of theiipus
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Fig. 5.6 Dimensional and component views of Ultras@lowmeter/analyzer for ££¢/CsFg mixtures

Of the three tubes built, one has been extensinebstigated for range and linearity as a flowme@iesomparison with
two other instruments:
« aGill Instruments “Spirocell” medical ultrasoniodmeter with a maximum advertised full scale ran§&50
l.min™* equipped with RS232 readout;
« a Schlumberger Delta G16 rotor gas meter with & witmaximum advertised full scale range of #&th(~7
l.sY), equipped with interrupted optical beam readout.

The linearity vs flow rate for the new instrumeatdompared with the two instruments (Fig. 5.7)jcwhwork on
completely different principles. While the slopefet from unity in both cases the linearity is gbop to the maximum
practicable range of the comparison instrument.v&be110 Imift the Gill UFM reading was unstable, probably due
to the high flow and turbulence in its 1cm diameseund-and-gas path, while at flow rates above *Bbthe
microphonic noise pickup in our own instrument fréime spinning rotors of the adjacent Delta G16 mater was a
problem, necessating a reduction in the selecigdile in the custom-developed UFM electronics. Teeations from
unity slope in the comparisons need further ingasion. We did notice that the signal from the dstream transducer
showed a progessive reduction in amplitude withaéasing flow (not seen in the upstream transduegegssibly due to
the slab obstruction presented by the front facghefransducer to the gas flow. It is probablastallations requiring
greater flow than ~ 25tr® (as in the case of the full size 60kW thermo-siphinstallation presently under
consideration (section 5.3) that an angled traresdoonfiguration with partially-withdrawn transdusdas in Fig. 5.5)
may be necessary. This is a common geometry ire lardustrial UFMs, and we may be able to adapt such
instrument, or at least its insertion spoolpie@kiing temperature sensors to arrive at an insmticepable also of
binary mixture analysis.

Figure 5.8 shows the UFM in a trial installationtie dedicated ££/CsFg blend circulator recently completed. The
short section of blank tube downstream is intenfidech Delta G16 gas meter. Microphonic pickup frdm nearby
compressor has not been a problem up to the maxicounpressor flow rate of
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Fig.5.7 Linearity vs flow rate for the new instrumeompared to a low flow UFM and a rotor gas mete

~13.75 nihr™: it is probable that this can be partially elintethby the Armaflex® closed cell thermal necessarhe
analyzer function.
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Fig.5.8 The ultrasonic flowmeter in a trial instatilan in the dedicated ££¢/CsFg blend recirculator.

In parallel with the development of the instrumenéchanics comparisons have been made between PT-SAF
predicted sound velocity in,E;/CsFg mixtures and our measurements. Figure 5.9 shaals & comparison over the
full dynamic range of ¢-¢/CsFg mixtures at 1bggs and 21°C. The agreement between prediction withRE-SAFT
equation of state and measurements in created ma#xia good - especially when compared to the poedictive
power of theory for fluorocarbon mixtures twentyayg ago - though some parameter
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Fig. 5.9 Comparison of PC-SAFT prediction with souakbeity measurements over the fulFg/CsFg range.
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tweaking in the PC-SAFT model may still be necegsar

Unlike in the situation that existed for theF/N, mixtures of the SLD barrel CRID radiator (Figs for which
theoretical predictions of sound velocity mixture ration were far from reality, it is now ggible to decide between a
look up table based on measuremeotsquite accurate predictions from an EOS with patamseadapted to
fluorocarbons.

Look-up tables, whether created from predictionsfits to measurements need not correspond exaotlyhé
temperature of the process gas, since the spesalioflV; varies over a Celsius temperature ra@igeTo) — which can
be defined as the difference between the temperafuhe process gas and that at which the lodabie was created -

according to:
Vo =y (11+273.2) 55
s(Ty) ~— Vs (Ty)- (To+ 273.2) ( ' )

From Fig. 5.9 we can conclude the precision witHcWwtsound velocity needs to be measured to achaesiesired
mixture resolution. In the range between 0 and Z5% concentration in ¢ the average gradient is ~0.161#s".
Sensitivity to 1% mixture variations requires a swelocity measurement precisia®V/(V) of around 1.6 18. In a
sonar tube with typical length 60cm this impliesoaind flight time variation of around 19 in 5ms (the transit time for
V¢ = 120m3). The time variation of 465 is around half a cycle of 50 kHz ultrasound anédsily within the 50ns
intrinsic resolution of the new transit time clock.

Taking a conservative figure for the sound tratisie resolution of 100ns, the minimum mixture resioin over the
working range 025% GFg concentration in ¢ will be around 2.18. Such small variations can be masked by
temperature fluctuations in the tube: the tube teore must be read along with the sound trainsd. t

In addition to new electronics a graphical useeriizsice (GUI) running under PVSS-II has been crefiethe sonar
instrument. This logs transit times, temperatuned pressure, calculates the sound velocity fromkifh@wvn inter-
transducer distance and can calculate the mixtoreentration at regular intervals using stored {apktables
generated according to the PC-SAFT EOS. All da¢aracorded to the ATLAS central slow control sysiaabase.
The GUI has been under development since early,2idhas been in use almost continuously sindetitha with a
sonar tube installed in a gas sampling rack ingée ‘hut’ of the ATLAS USAL15 underground services@an. This
sonar tube has been ‘sniffing’ the Bnvironmental gas - using a small vacuum pumpsporate the vapour through
150m of tube from the environmental barrier arotimel pixel detector for changes inFg concentration from pre-
existing known leaks. The sound velocity in the gas constant over a considerable period, but letv@eptember 13
and 16, 2009 - during an abort shutdown of thelptooling system - a decrease (increase) in sdwait time
(sound velocity) in the 496.9 mm sonar tube wasses illustrated in Fig 5.10, an extract from gieel on-line
logbook[78].

The increase in sound velocity of 0.56his a manifestation of the disappearance of thenabcontamination level
of ~ 0.05% of GFg in the pixel environmental gas aspirated by theasoFigure 5.11 shows the calibration lookup table
for CsFg/N, mixtures at the nearby temperature of 25°C. Theeeagent of the PC-SAFT predictions with the
measurements on mixtures set up in the sonar tubery satisfying. In the (0-5%)sEgcontent region the calibration
curve sensitivity is around 10it&™ due to the large difference in molecular weightha two components (28 and
188 units).

The observed £E; concentration change of ~ 5:4@% a dramatic demonstration of the sensitivitytiié simple
instrument to small changes of concentration odaviy vapour in a light carrier.

This sensitivity has been verified by the auth@®][in collaboration with colleagues at CERN andtla
anaesthesia department of the Centre des Hopitaivetsitaires de Genéve in August 2001 studies®fensitivity of
a combined ultrasonic gas analyzer/flowmeter oiecentrations of the heavy anaesthetic vapours;

Halothane (GHF;CIBr: MW=197);

e Enflurane & Isoflurane (¢1,FsOCI: MW=184);
e Desflurane (CFH-O-CHF-CFK: MW=168);

e Sevoflurane (CFHO-CH[CR],: MW=200).

which must be carefully maintained in percent-scaleges in a light carrier composed of mixturesitfous oxide
(N,O: MW = 44) and Oxygen (OMW=32).
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5.3 The proposal for a surface condenser to redoeceliminate compressor stress

As previously mentioned, several options existii@r elimination of the stress seen by the presangttompressors of
the ATLAS ID tracker GFg evaporative cooling system. Given that the unaisdl liquid supply tubing is inaccessible
until a possible future upgrade, and the lack etilation requires delivery to the injection capitta at a pressure of ~
17bagpsto avoid premature boiling in the liquid delivdiyes, this pressure, presently delivered by thepressors in a
2-stage configuration, must be provided by otheamse This could be done by liquid booster pumps,tinese have
had a less than satisfactory reputation in useERNG and such pumps with graphite gears or palétge been found
to produce particulate contamination requiringdiiion.

The proposed solution [76] is a dramatic amplifimatof the SLD CRID thermo-siphon principle, usiig
substantial fraction of the 90 m depth of the ATLAB to generate the liquid pressure presently gaad by the
compressors located in the USA15 underground secagern. To do this, the condenser, runnigigs Gr a mixture of
C,F6/CsFg would be located at the surface. Vaporised codéaving the ATLAS tracker would ascend to the acet
Three configurations of such a system are possible:

« A system retaining reciprocating compressor(s) ke USA15 cavern, but with substantially reduced
compression ratio, probably being of single-stagefiguration with a likely output pressure in thenge 5-
9bar,s Vapour condensation at the surface would takeeptd the output pressure of the compressors minus
the small static- and flow- related pressure dsgen by the compressed vapour on its ascent wotidenser.
The condenser would probably be cooled with stahdater;

* A system eliminating the present reciprocating caaagors altogether (and with them most of the iabiel
and potentially polluting moving parts includingsfan rings etc). It this case the condenser woektirio be
the coldest part of the cooling system, probabdyireng a powerful industrial refrigeration plant;

e A system integrating a different oil-less (turbim®mpressor technology. One promising candidatéfesed
by the Turbocor® direct drive supercharger techgglo

These alternatives are considered in the followsegtions.
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5.3.1. Moves toward a ‘compressorless’ thermo-sip&BC circulation system

Figure 5.12 illustrates a simplified layout for asgive compressorless thermo-siphon circulatiotesygmploying a
surface condenser [80]. The inaccessible interpalamt distribution within the service-ways throutite ATLAS
magnets would be unchanged from the present caafign shown in Fig. 4.41. The changes, indicatethe right-
hand side of Fig 5.12 are confined to the USAl%isercavern, the new tubing linking it to the sedaand the new
surface condenser with its low-temperature chitistallation.
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Fig 5.12. A possible compressorless thermo-sigh@ulation system employing a surface condenser.

The layout of Fig. 5.12 has been arrived at foilg successful recent tests on a small-scale (b@ight difference)
thermo-siphon shown in Fig. 5.13, together witftlitsrmodynamic cycle diagram.
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Fig 5.13. Miniature (18m) compressorless thernpieh circulation test system.
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The miniature thermo-siphon successfully demoretratll the phases of operation, including starttngon warm,
normal operation at a variety of power levels addpded liquid flow rates, normal shutdown and recgvirom
‘abnormal’ shutdowns caused by (for example) siteagower failures to the chiller which circulatbe GF,, ‘brine’
coolant to the heat exchanger in the elevated cmaile

The thermo-siphon demonstrated long-term stableatipa over many tens of hours at constant perfaceafor
example evacuating 1.6kW of heat through evaparaio-28°C with a mass flow of 16grh€;Fs. Evaporation at -
25°C(-5°C) at mass flows of 21gi{80gms") could respectively recover 2.1kW (3kW), throuble use of almost all
the enthalpy available at the evaporation temperatu

With the simple fixed-flow liquid circulation pumgpf the GFy4 chiller and the single coil heat exchanger used in
this condenser an important criterion for operaticas that the temperature of the saturated vapotiie headspace
Tsatganky @bove the liquid remained at least 1°C abovebtlik liquid temperature Jyiq. At very low GFg flow rates
where there was less condensation work for the dévaztanger this temperature difference could ceflapausing the
flow to stall. A minimum flow through a switchabttummy load in parallel with the normal load was sidered an
advantage. A more sophisticated variable flow ehitind dual coil condenser is foreseen in the dextelopment
system; a 70m demonstrator being installed betwitbenATLAS surface building and a 2kW load instaliedthe
USA15 underground service cavern. This system malsesof an existing stairwell for tube passage. Tbwetrol
system will link the speed of thesk, ‘brine’ liquid pump to the condenser coil temperatvia a PID controller and a
variable frequency motor drive.

A dummy load is necessary also to start circulatmmllow priming of the condenser for thes{fany > Tsaiq)

circulation criterion to be established before fliswsent to silicon detectors. The dummy loadsslitprimed by virtue
of its depth with respect to the condenser.

Depending whether the final system serves as a i@asipn booster or a pure thermo-siphon, its serfandenser
cooling configuration and surface power requirersemtill differ greatly. Figure 5.14 illustrates a g®ible

thermodynamic loop for a compressorless thermoesipgystem adapted to 60kW on detector cooling aitiguthe
ATLAS pit depth [81].
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Fig. 5.14 A thermodynamic loop under consideraffdnvember 2010) for a thermo-siphon system

In this scheme it is planned to mount thé&=¢xondenser at a high point in a surface buildinguiealent height ~ 3
storeys). This elevation, when added to the useaibldepth, results in a probable 95m vertical iligoolumn. It is
proposed to insulate the liquid down pipe over nudsts length to avoid water condensation on theepsurface, but
to install heaters near the base of the colum®@>H=>1) to raise the liquid temperature to ~20°C for qaae
through the uninsulated pipes linking the USA15/iser cavern to the liquid distribution racks on thé€LAS service
platforms. At the base of the liquid columpFgbubble formation is prevented by the 15pgh compression of the 95
m of GFg liquid. The sequence*}J2K=2>L=>M=2>N=>0=>P is not shown in the circuit diagram of Fig 5.24,it is
based on the unchangeablrardsalready shown in Fig. 4.34.
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The pgh hydrostatic advantage of exploiting the ATLAS gépth is clear: the density difference betweghsC
liquid from the condenser and warm returning vap@aspectively ~1650 & ~6.5 kg means that the hydrostatic
pressure drop for vapour returning to the surfaaeniy ~ 60mbar. The ascent tube is sized to giweah pressure drop
(hydrostatic + dynamic) of around 160 mbar fors&&apour flow of around 1.2 kgs

Condensation takes place at the relatively low qunes (temperature) of 300mbar(-60°C), requiring a very
powerful cooling plant for the intermediateFg, ‘brine’, as shown in fig 5.15
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Fig 5.15 A possible brine chiller / circulator ftine GFg surface condenser (after [81]).

This proposed chiller (based on commercial unitthwivo cascaded refrigeration stages) draws ~ \WBOK
electrical power to cool and circulate the requitaé, liquid delivery of 20(40) kgs - for a temperature rise of
10(5)°C in the GF4 - in the range (-68-70°C) necessary to condense around 1.2 k§<;Fs. The heat gained by the
CeF14 in this process is extracted through a ‘primaryendeed at 25°C from the nearby ATLAS water caoglitower.
Power gains could be made by increasing the coatienstemperature, but the uninsulated internaingitand finite
pit depth (short of mounting the condenser on amylgreatly limit this marginThe ~15bar (condenser ex®
capillary exit) pressure difference of the origisgstem of Figs. 4.35 & 4.41 must be respectecedine lengths of the
inaccessible capillaries are determinant

The thermodynamics of circulating aFg/C,Fs blend with a cold surface condenser and would drg gimilar to
that shown in Fig 5.14, the main difference beihg taising of the on-detector evaporation line frbi&7bag,s to
pressures in the range 2.5-3 hadepending on the final blend chosen. The condiemspressure would be expected
to rise by a small amount; probably a few hundrddmThe pressure generated by pgé column of a liquid with a
(10-30%) admixture of &5 in C3Fg would be reduced very slightly (by around 3% inland containing 30% £E¢
compared to the pressure generated in a colummref @Fg), and would have little effect on the circulatiamhich
would in any case be substantially improved by higgher evaporation pressure to counter the logsdke present
internal configuration.

Temperature profiles along dummy SCT and pixelcstmes will soon be measured in a variety aFdC,Fs
blends. Should these measurements, together woetbf heat transfer coefficient prove promisingsilikely that
C3Fg/CoFg blends will be recommended for use in a reconéducirculation system with a surface condenser and
reduced (or no) underground compression.
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5.3.2 Déja-vu? the turbine compressor ...

Figure 5.16 (a) illustrates the internal constuauttiof the Danfoss Turbocor® direct-drive centrdlgurbine
compressor which has recently entered the industrial marleea aetrofit to conventional reciprocating instadas
and which uses innovative oil free gas and magtetizings for the shaft carrying the dual impell&isst calculations
suggest that one such compressor — the Turboc@0DTeperating at 45,000 rpm could replace the ebtink of Haug
reciprocating compressors, however at the lowarhdisge pressure of 7-8Raf80]. The remaining pressure would be
provided by the vertical liquid column from the e condenser. A Turbocor TT-300 has been purdhageERN,
together with an evaporator and condenser in a twdldest stand (Fig. 5.16 b). An extensive studiyiis compressor

is planned to assess its suitability for the cmtioh of GFg. Perhaps the circle is closing on the alarming SLD
experience with the Paxton supercharger and itifibelts... it will be interesting to see hovidlstory develops.

TurbocoriRetrofit Conversion

B!

Fig 5.16 Turbocor dual-impeller centrifugal compses. Internal components (a). including centraafilwith innovative dual
magnetic / gas floating bearings directly drivearfr the electric motor. A Turbocor test stand relgelmbught by CERN (b) and an
example of a large industrial installation (c).

Figure 5.17(a) illustrates the use of an undergidarompressor runningsEs - with a discharge pressure around 8har
- in combination with a surface condenser. The aesgor could be a Turbocor or a single stage sdi-teciprocating
type (or parallel bank): the thermodynamic situatiwould be identical, as shown in Fig 5.17(b). Batbuld use a
surface condenser running at ~ 20°C on a standaligrcor standard water. The tortuous sequeBE&H on the
enthalpy-pressure diagram if Fig 5.17(b) represémsinaccessable subcooling and capillaryards of the present
incarnation (Figs 4.34, 4.35). The thermodynamagchm of Fig 5.17(b) is independent of whether cbmpressor
retained in the underground cavern is a turbin@rooil-less single-stage reciprocating type, ofauh$everal Haug
models have been successfully employed at CERké&my years.

The thermodynamics of circulating aFg/C,Fs blend with a surface condenser and would be vienijas to
that shown in Fig 5.17(b), the main differencenigaie raising of the on-detector evaporation finen 1.67bay,sto
pressures in the range 2.5-3 hadepending on the final blend chosen.

%9 http://www.turbocor.com/
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6. Fluorocarbon tracker cooling in other LHC experiments

The CMS, ALICE and TOTEM experiments at LHC use SE& coolants for their inner trackers due to ttiegirable
properties of radiation tolerance, non-flammabiéityd non-conductivity.

CMS operates agE;, mono-phase cooling system. The system considtsed parts as shown in Fig 6.1:

e acommercial chiller plant using R507 refrigerdntated in a service cavern and cooling an inteiatedluid
via a heat exchanger; ;

. the detector cooling units which circulateFg, to the detectors. ThegE, liquid is cooled in local heat
exchangers on the CMS experiment service platforms

e a150m heat transfer line between the chiller aetdator cooling units usingsE;4

USC55 - CV zone
m@aaa:
o= Chiller group
OO (R507 A)

Brine group

At X
: -Hf,hr;:]—’ :

- T‘f—{:'ﬂ\‘:—-ﬂz y—\ Tunne!

) =
= =~180m
& i-/_j & o

UXCS5S - 1st fioor balconies

Detector
cooling unit
(CE6F14)

Fig. 6.1. CMS tracker liquid 14 cooling plant schematic.

Each sub-tracker system has an independent caatiti75 which controls operation temperature for each sabker
separately. The systems subdivide and circulatdid@ to 198 cooling circuits for strip and pixdetectors with a
total flow rate of 18 I/3. CMS began its silicon tracker commissioning if00During the 7 month commissioning
period the leak rate of the cooling fluid from ttietector cooling units increased to around 50 kg/tavestigations
revealed many leaks at multiple locations, many tu¢he use of resins, elastomers and plastic tabesfittings
incompatible with @F;4 — avoidable problems perhaps, since extensivarlgs of material compatibility data had been
compiled by the DELPHI RICH [37] and SLD CRID graup

Since the leaks were so widespread, the CMS cobigilbo decided to refurbish all the external coglimits at the
beginning of 2009 with SFC-compatible materials @odimplement a very thorough QA plan including uas
inspection and X-ray imaging of at least 10% of wwlds, together with leak and pressure tests atyestage of the
assembly process. In parallel, a leak test was donghe internal and inaccessible detector cirdoitsheck the leak
rate, which became the reference point for latek tests. In addition to the leak problems, othefects of the system,
including an inability to purge gas, were remedidhe same time. Control and monitoring was aisproved. The
cooling system was restarted in June 2009 witheattyr reduced leak rate.

The ALICE silicon pixel detector (SPD) uses ampmwative GF;o cooling systems2] , whose schematic and
thermodynamic cycle are shown in Fig. 6.2. Theesyst uses an oilless vapour compressor and a |lousag”.

60 Caster Model MPA114316W1 with graphite impeller.

119



[G. HALLEWELL: HABILITATION A DIRIGER DES RECHERCH ES|

Pumped liquid enters 0.5mm ID capillaries and esttrdeat from the pixel tracker at ~12°C at an evafion pressure
of ~1.7 bag,s The compressor raises the exhaust vapour peessur2.1 bagsfor condensation in a water —cooled
condenser. The cooling flow rate is around 36gms
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Fig. 6.2. ALICE silicon pixel detector evaporati®g-,,cooling schematic and thermodynamics

A possible upgrade to a thermo-siphon mode of djgerés also being considered (Fig. 6.3). Thereehaeen problems
with fragmentation of the impellers of the liquidmp presently in use, and compressor maintenare®dden labour
intensive. Compressor-less thermo-siphon operapoofjting from the 30m depth of the ALICE pit temerate the
liquid supply pressure - rather than a liquid punpan attractive upgrade option.
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Fig. 6.3 Possible upgrade of the ALICE silicon pidetector evaporative £,ocooling system
to thermo-siphon operation.
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The TOTEM experiment will measure elastically seiatl protons at angles of a fewmad with respect to the
circulating LHC beams at IP5. To do this the expenit will position 240 silicon detectors in 24 Ranpotsto
within10o of the beams. The silicon modules will be codigdhe evaporation of £ at -15°C; around 30W will be

extracted from each Roman pot [83]. Figure 6ubthates the circulation system, the capillaries siticon detector
cooling channels in the Roman pots.
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Fig 6.4. The GFg evaporative cooling system for silicon detectaslitgy channels the TOTEM Roman pots.

The Roman pot stations are at symmetrical distan€d€l7 and 220 m from LHC IP5 interaction pointafid more
importantly, more than 300m away from the USCS55 emgtbund service area. Because of the high radiatio
environment of the LHC tunnel, very little of thefrigeration system can be installed close to thm& pots, with the
exception of the capillaries and piping. USC55 ipratected and always accessible area, which hoatsy of the
technical services of the CMS experiment and offH€ machine.

Evaporative fluorocarbon cooling was chosen sincealiows fluid transport at ambient temperature rove
exceptionally long distances (in this case, rouipstof 300 or 500m) at low flow and pressure drdphe evaporative
cooling system provides a total cooling capacit @kW via a mass flow rate of 40 g/s uniformly tthamong the 24
Roman pots. The fluid is supplied in liquid phaseagressure of 11 hgt at the capillaries where the isenthalpic
expansion decreases its pressure to the requisgmbeation temperature of -30°C; a corresponding@nedion pressure
of 1.35 bay,s At the Roman pot exhausts (dotted lines in Fig) éhe evaporation process is completed and thésga
heated to a temperature above the tunnel dewployntmeans of a heat exchanger running demineralisgdr. The
system uses oil-free compres$bes in the case of the other evaporative coolistesys discussed in thisémoire.

61 Haug WTEGX 80/60 LM-L Pin 1 bag Py 11-12bary,s18nthrt CsFg
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7 Irradiation studies on SFCs for the LHC cooling application.

Fluorocarbon fluids have been extensively studieden neutron and ionizing radiation as part ofrtigeialification
as LHC tracker coolants [84, 65]. Studies with nens included irradiation of small (<10 &pnstatic liquid samples of
CesF1.°% to 3.10° neutrons.cr to simulate the expected environment at LHC. $midgihowed the main longest-lived
radioisotopes to bé’F (1,,=110 min: 634 keV temitter). From neutron capture cross section da,expected
activity levels for these radionuclides are in taage 16-10° Bq.g* during circulation (for an instantaneous rate £ 10
neutrons.cis?), which was considered be acceptable in a closeditsystem.

Sampleswere also exposed f8C y irradiation. After an absorbed dose of 3 MRad,uatid®% by weight of gFy,
liquid had been chemically modified with chemicaidence for the production of reactive HF, due tapurities
containing C-H groups. Scanning electron microscapg Auger electron spectroscopy were used to cteize the
morphologies and elemental compositions of C-,rfet @-containing polymeric deposits formed on sksslsteel and
aluminum samples immersed in liquid during irraidiat After 6 MRad, surfaces were almost uniformbywered with a

polymeric layer of ~ 0.4imM. Degradation and plate-out were greater in a saofp&F,4 to which 3% (vol.) n-heptane
had been added to act as a H-source and simutateytliogen containing impurities.

Since saturated fluorocarbonsnf@n+2), are synthesized from alkane precursors, batstinge for residual H
contamination (using the characteristic Fouriem§farm Infra-Red signature of C-H bonds) is advisalbechniques
for the catalytic removal of fExH(2n-x) contamination were developed for the DELPHI RICétedtor, where high
fluid purity is needed for good UV transparencynigar techniques could be used in the present egupdin.

Residually-hydrogenated and double carbon-bondednBlécules can both be identified in Fourier Transf Infra
Red spectroscopy via their respective characteristisorptions near 3000 & 1784 ‘tmDouble carbon-bonded
molecules also exhibit strong absorption in the Wahge 190-200nm, allowing fairly straightforward tdia
qualification, as carried out for the DELPHI RICHetdctor. Techniques for the catalytic modificatioh these
molecules were extensively investigated for DELHBB]: double carbon-bonded molecules can be refdrime a
permanganate (Mnppcatalyst with the removal of the Ma@recipitated in the process.

The lack of inertness of the residually-hydrogedatelecules necessitated development of less agjgeemethods
of oxygen and water vapour removal through theaiggorous membranes [35,36]. More recent technitue@emove
hydrogenated molecules have centred on the usgivhted carbon [85].

62 Mfr.: 3-M Corp. Specialty Chemicals Division, $taul, MN, USA PFG 5060 grade >99%purity
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8. An ‘exotic’ use of a Saturated Fluorocarbon
for dark matter investigation.

The PICASSO experiment at SNOLAB is searching farkdmatter via the detection of ionization-indueegblosions
of superheated droplets offG,in a modern twist on the bubble chamber [86]. Thelear spin composition dfF
makes it a favoured nucleus for direct detectiowdiflPs undergoing spin-dependent interactions. dureent detector
employs 32 temperature-stabilised 4.5 litre acrglitnders located in the SNOLAB deep cavern taiosdcosmic ray
background (Fig. 8.1). Each cylinder contains #rBs of polymerized emulsion loaded withFg, - droplets(@ 50-280

pum peak~ 200um), giving a GF, effective target mass of 85ijine piezo sensors can triangulate a droplet expdpd
into a vapour bubble suspended in gel. The agism of each detector is topped with mineral oihrected to
hydraulic manifold.

Each cylinder measures for a period of ~ 30 hoétes avhich it is hydraulically re-primed to ~6 bfor ~15h to
reform any vapour bubbles back to droplets.

Fig. 8.1. Two of the cylinders of the Picasso dagktter experiment. The connections the piezo aicossnsors for the
triangulation of GF;o droplet explosion sare shown, together with the fob&,F,, repressurization.
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9. Conclusion

With good optical transparency and relatively lolramatic dispersion, saturated fluorocarbon fluidstinue to
enjoy an on-going thirty-year association with Ghdwov detectors. These advantageous propertieis addition to
their attractive features of non -flammability, mtmxicity, good dielectric performance and compiiitipwith a wide
range of materials used in detector constructionthe vapour phase SFCs can be mixed with othhteliggases to
achieve blends in desired ranges of refractive xn@ch blends have been exploited first at the GMERICH
(C,Fe/N,) during the mid 1980s and later at the SLD ba®RID (GF1./N,) until the late 1990s. Liquid {4 radiators
were first used in the barrel detectors of the DHLRICH and SLD barrel CRID. This liquid has subsently used in
the STAR RICH at the Brookhaven Relativistic Hedémy Collider (RHIC) and in the ALICE HMPID detectat LHC.
The end-caps of the DELPHI RICH and SLD CRID deaiectwere the first detectors to employF¢ as a gaseous
radiator. it has been subsequently used in the Ri€idctor of COMPASS and the LHCb RICH-1; the fermwith a
Csl photocathode and the latter with hybrid phadetectors with P20 photocathode. Saturated flusboragaseous
radiators, GFg and GF,o have also been flown in high altitude balloon-l®RICH detectors. The lightest of the
saturated fluorocarbons, CF4 has been the moshtrécebe employed, in the LHCb RICH-2 and in a dawless
RICH in the PHENIX detector at the Brookhaven RHIG.the PHENIX detector CF4 is also the active gashe
imaging chamber, which uses a Csl photocathodernmmation with Gas Electron Multiplier (GEM) stack

Saturated fluorocarbon gaseous radiators are dildeefo ultrasonic analysis exploiting the varmatiof sound
velocity with gas mixture at known temperatures amessure. Sonar gas analyzers have been devefopebe
continuous real time monitoring of radiator mixtsirand for monitoring the changeover from the radiatessel
passivation gas to the active Cherenkov radiatatvice versa

Techniques for the optimization of the UV transpaseof saturated fluorocarbon fluids include the ag molecular
sieves, porous membranes and active catalysts derwapour and oxygen removal. Techniques forathedysis of
delivered fluid batches to reveal residual hydrogentamination, (including the presence of nonyfdllorinated
molecules) were highly developed in the DELPHI RI@Eetector and have assumed even greater importanoe
recently in LHC detector cooling applications wheueh fluids can be subject to very high radiatioses.

Starting from their use as Cherenkov radiatorsyri@éed fluorocarbon have also progressed - dudé tow
viscosity and unmatched radiation tolerance — aaoling fluids for silicon tracker elements cloststthe interaction
points in LHC experiments. The use of evaporatigeling substantially reduces the coolant mass flallawing a
lower mass cooling system and a reduces %XO0 isitloen tracker. They are now used as evaporatgants in the
silicon trackers of three LHC experiments, ATLAS<IBE and TOTEM, and in liquid phase for the cooliofythe
CMS silicon tracker. Additionally §F14 is used as a liquid coolant for the electronicsthef ATLAS Transition
Radiation Tracker (TRT). Thermodynamic (evaporatmiad condensation cycle) techniquesdontinuouscirculation
of SFCs in particle physics experiments were picgetat the SLD CRID detector at SLAC, since thechgechniques
have been expanded to the much higher mass flammggequired for the cooling of silicon trackers.

These thermodynamic developments will continue Withexploitation of blended SFC mixtures and tydrbstatic
advantages of deep detector pits to enhance i@laby eliminating moving parts such as compressfstom the
primary cooling loops.

This memoire has reviewed many aspects of thesatierfluids.

In addition, a novel and fascinating applicatiosing acoustic triangulation of exploding fluoroocambliquid
bubbles, which may help in the direct search fok daatter, is mentioned.
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APPENDIX-1: Perturbed-Chain Statistical Associating Fluid Theoy

PC-SAFT equation of state formaligm-1)

The use of empirical or semi-empirical equationstate (EOS) requires knowledge of many parameigised from
extensive and time-consuming thermo-physical messents on the fluids of interest. Such measurenameatsnade
for the frequently used substances in the petronata and refrigeration industries, with the reghlit “special” or
“minor” applications (loosely defined as being I¢san millions of tonnes of usage per year) gehetatk adequate
experimental data needed to derive EOS predictibtisermodynamic behaviour.

Nevertheless over the last 8 years thermophysicalgsties of the three saturated fluorocarbons ainnmterest
R218 (GFg), R116 (GFe) and R610 (GF;q) were collected and have already been added tdR&EEPROP 8.0
databas® or the NIST Web book of Chemistfy

The main advantage of the theoretically-based ES8&T or PC-SAFT) is their quite accurate approstioraof
complex multicomponent mixtures. We therefore dedido use the PC-SAFT model [A1-2] to predict alke
thermophysical properties of several saturatedrdlcarbon binary mixtures. In this way we subsgitstmplistic
traditional EOS (for example the ideal gas and Y2&m Waals EOS, shown at the time to be incapableadeling
fluorocarbon-nitrogen mixtures by Hallewell et #1F3]) and also the empirically or semi-empricabgsed EOS,
including the extended Benedict Webb Rubin EOS.

The PC-SAFT EOS models long chain molecules usiaddllowing parameters:

e segment numben;

* segment diamete,

e segment attraction parametgror the more complex and more often used so-cakgnent energy parameter
€/kB,

Despite this seeming simplicity, this molecular rlalccounts for the essential characteristicsafm®lecules;

« repulsive interactions;
< non-spherical shape of molecules (chain formation);
e attractive interactions (dispersion);

For our application no pre-existing PC-SAFT molecyarameters for SFCs were found in the literaflinerefore the
parametersm, ¢, ande had to be determined by fitting the saturated vgpessure and liquid densifpoth from
experimental data sources in the literature)

The Perturbed-Chain SAFT EOS adopts a hard-spheaia ¢luid as a reference fluid. The EOS considtas, of a
reference hard-chain EOS and a perturbation castioit.

A Ahc Aperf
= +
MNkT NET  NET e g e (AL1)

whereZ = P.v/R.Tis the compressibility factoP, is the pressure,is the molar volumeR denotes the gas constahis
the absolute temperaturd, is the Helmholtz free energy is the total number of moleculek,is the Boltzmann
constant, and superscrigfs and™" denote the hard-sphere chain reference EOS, angeturbation contribution,
respectively. In this terminology the reference B®&uces to ideal-gas behavior at the zero-delisity

83 http://www.nist.gov/data/nist23.htm
8 http://webbook.nist.gov/chemistry/
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The hard-chain contribution

Based on Wertheim's thermodynamic perturbation mhed first order Chapman et al. developed an eqoaif state,
which for hard-sphere chains comprisingsegments is given by

Ahc A:’deai Ahs 5
e =" - Z‘xi(n?'i - 1)"gﬂgﬁ's(cﬁ)

NkT NkT R 3 (A1.2)

hs

Zhe g m(zh.s < i in(m]. i ding,
; op (AL.3)

ﬁ = 2 xl.f?’j}.

; (A1.4)

wherex; is the mole fraction of chains of componenn; is the number of segments in a chain of componens
the total number density of moleculeg”™ is the radial pair distribution function for segme of componeni in the
hard sphere system, and superscfiptindicates quantities of the hard-sphere systene &tpressions of Boublik,
Mansoori et al. are used for mixtures of the hanldese reference system in Egs. (Al1.2) and (Ali8grgby;

s 3 3
A LG, G +[i—qn]-ma—;3ﬂ

NIT & |(1-6) G1-8) | & (ALS)
2
. 1 dd, 3¢, dd, 2
(1-C;) e, J(1-63) i +d; ) (1-C5) (A1.6)
3 3
Z.F:.s 3 1 + 3@1@2 5 3@2 B ngz
2 4 3
E/l_ Q3) QD(I_QS) QD(I_QB) (A1.7)
pIe m
[;m = E pz ‘x:'}ﬂ!'di
Where ! m={0,1,2,3} (A1.8)
with d; being a temperature dependent segment diametengionent i , according to
d;,=o,-|1-0.12. —3. % ]
“ ( eXp[ 4’*_’"} (A1.9)

Mixture management in PC-SAFT

Mixtures are investigated in PC-SAFT using the @ntional Berthelot-Lorentz combining rules. Thegraeters
between the pair segments are given as follows;

4 y=%(‘71 to)). & =4EE (l_k“f) (A.1.10)

wherek; is the unknown binary interaction parameter thao ise defined on the basis of the available expental
data. ltcan be considered to be equal to zero for mixtof&-Cs with two and three carbons since
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Table A1-1 Complete set gfarameters of gases and saturated fluorocarbotisddC-SAFT EOS [A1-4]

Fommla va o e%z  Twm  Twar Data  AD(p) AD(pz) SD(p) SD(p1)
[gmorl] [ [A] (K] (K] ] source  [%]  [%] [%a] [%6]
Oy 31999 10740 32598 117729 73 147 [@5] 0132 0122 0380 0.882
Xe 131290 09147 40747 237682 163 276 [95] 0012 -0008 0310  0.491
M 28013 12053 33130 90980 63 126 *
CF4 86.004 22326 21050 120998 128 216 [95] 0072 -0069 0134 0657
CaFg 138012 28108 33128 140512 175 279 [@5] 0030 -0028 0456 0.281
n-C:Fp 188019 32747 34579 155080 196 328 [@5] 0036 -0033 0350 0.322
n-CyFy, 238027 37325 35567 164583 225 367 [95] 0095 -0082 0566 0.046
n-CsF1a 288034 43437 35851 169208 253 400 [P5] 0054 -0044 05943 0390
n-CeF1y 338042 48562 36440 173414 288 333 [07] 0003 -0002 0090 0207
n-CiF1g 388049 54127 36739 176403 278 333 [0/~ 0004 -0003 0078 0376
n-CgF1g 438057 56756 37618 182796 288 377 [109] 0069 -0003 2383 0478
n-CoFyy 438064 61774 37973 185597 288 333 [107] 0005 -0001 0581 0.084

* parameters taben from Gross and Sadowski, [103] ** only vapor pressure

they have a similar (n- only; no iso) structure.

The partial vapor pressures of the componentsleélisolution of two liquids are related to the position of the

liquid mixture in terms of Raoult’s law:

Pa =XaPsatn and B = XgPsas

wherex; is the molar concentration of component i in solut

The total vapour pressure of the mixture is defingdalton’s law;

The mixture composition can be defined e.g. byotherall mole fractiorzg of componenB, defined as

Combining Raoult and Dalton’s laws:

P=R+Ps

p sat. A p sat B

zy= Ny N+,

He

psaf.A + (psaf.B o psarfl )J?A

(A1.11)

(A1.12)

(A1.13)

(A1.14)

The amount of the liquid phask)(@nd the vapor phas¥)(can be determined from the compositions of phases
X andy, by the so called ‘Lever rule’

Nilzy—z 1= Nplzyg—yyl

(A1.15)

The phase equilibrium of the two-component mixtsrasually interpreted on a pressure—compositiagrdim.
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p[Pa] | T=const.
Cinfy Bgud

phvse
¥

Pk

LIQUID

Pad VAPOR

0 X

Xy 25 Vi 1
Male fraction of B, =5

Before any calculations can be madgedine is drawn on the phase diagram to determine theepemveight of each
element. This tie line is drawn horizontally at ttemposition’s temperature from the liquid to tleur. The percent
weight of element B at the liquid is given tyand the percent weight of element B at the vajmgiven byw,. The
percent weight of vapour and liquid can then bewdated using the following lever rule equations:

Percent weight of the liquid phase: X o= (Wo- W)/ (Wi- W) (A1.16)

Percent weight of the vapour phase: Xy = (W|- Wo)/ (W|- WV) (A1.17)
where w is the percent weight of element B for the givemposition

An example of the outcome of calculation sof tietis the p-H diagram for a bicomponent mixtuég: A1-1.

100 T
C;Fg + CyFg
Mass fraction of C,F;: 0.5
LIQUID PHASE \ f
10 - \
E "‘ .
a ’?\_\“_\L. .
7 VAPOR PHASE
kA E
2 \
o E \’;
1 - 7 - , ——
100p00 150000 200000 250000 300000
. . ; .
— NOTE:
—+ Boiling hL ——— Condens hG , R
Z;;mg 2:3 i N / Condensation - Mass fraction of liquid phase ~
20 3;0 gllouilin Mass fraction of vapor phase ~ 0.0
------- pure C2FE hL  ------- pure C2F6 hG g-M porp :
------- pure C3FEhL ------- pure C3F8 hG
01 |

Enthalpy [J/kg]
Fig A1-1 Pressure enthalpy phase diagram generfiethe evaporation of
50% GF¢/50% GFg using PC-SAFT

Table Al-2Calculated speed of sound inRg/CsFs and GFg/N, calculated using PC-SAREeesection 5.2
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TIK] = 298.15 Results (component 2 / B):
C3F8 + C2F6| p[bar] = 1 Binary interaction parameter kij= 0.

Jdeal pas at reference state
z_B[mol/imol] m_B[kg'kg] Phase d[kg.m3] h[J.kg-1 s[J.kg-1.K1] cv[J.kg.K-1] cp[J.kg.K-1] SoS[m.s-1] h_0fLkg-1] s [ kg-1.K-1]
0.001361849 0.001 Wap 7.7E738541 31355145 147122127 743906365 792210398 115816363 554933104 264154133
0.047634464 0.035413793 Wap 7.EE714094 313318752 147383735 74278493 791.582931 116.65089  sS4767.2623 261300562
0.092781557  0.069827586 Wap TEE952271 33077921 147642262 TA1.B64125 790957953 117479811 540574451 258658651
0.1368437  0.104241379 Wap 74644261 312828696 147897505 740543772 VO90.335196 118303291 s3363.2242 256046015
0179359538 0.138655172 Wap 7.A7175208 312570763 1481495 739423985 VE9.714689 119121486 s2es3.9852 253460297
0.221865903 0.1730658966 Wap 72814069 312303783 148398134 738.304667 789.096254 119.934548 52019.1383 250929236
0.262897917  0.207482759 Wap 719330169 312027396 1485.43047 7371858009 7E8B.47981 12074262 sS1368.1479 245450663
0.302589091 0.241896552 Wap 70735216 31M741.215 148884179 73606729 7VE7V.BB5164 121.54584  50730.3795 245.02249
0.342171419  0.276310345 Wap 7.02347828 311444833 1491 21362 734.949118 7E7. 262261 122344339 501053993 243.642712
0.380475458 0.310724138 Wap B.94160406 311137.923 149354458 733831465 7E6.641209 123138243 49492693 241309466
0.417930412 0.345137931 Wap B.86165722 310819.635 149583132 732714048 786.031667 123927674 4a891.707 239.020641
0.454564205 0.379551724 Wap 578356902 310489.823 14958.07317 731.597091 785.423807 124712747  48302.031 236, TT4662
0.490403547  0.413965517 Wap B.70727401 310147797 150026739 730480502 7E4.817484 125493573 4r7z3tse7 234. 569633
0525474005 044837931 Wap B.63270985 309792954 150241158 729364313 74212679 12627026  47154.7147 232403994
0.55930006 0.482793103 Wap 555981711 309424 62 1504 50305 728245081 7E3.608906 127042913 465961573 230.275913
0.593405163 0.517206897 Wap 5.48853911 309042.058 1505.53854 727132418 7E3.006732 127811628 460471697 228153794
0.626311791  0.55162069 Wap 641882175 308644.453 150851603 726.017044 782 405836 128576502 45507.2362 226126013
0.658541498 0.586034483 Wap 5.35061337 308231.057 1510.43141 724901929 781.80615 129337627 44975959 224101055
0.690114957  0.620448276 Wap 5.28386459 307800744 151228073 723787105 781.207668 130.095091 444529908 222107245
0.72105201  0.654862069 Wap 5.21852823 307352497 1514.06005 722E72506 7E0.610288 130.848982 439378343 22014305
0.751371707 0.689275862 Wap 515455914 306885.12 151576479 721.558147 780.013994 131.59938 43430108 218.206554
0.781092344 0.723689655 Wap 6.09191411 306397.256 1517.38977 720444055 779 418784 132346367 42929.3513 216297144
0.810231503 0.7583103448 Wap B.03055177 305887 461 15189295 71933011 778.824496 133090019 424352414 214.412243
0.838806081 0.792517241 Wap 597043246 305353.97 152037729 718216545 778.231346 133.83041 419472364 212550432
0.866832331 0.826931034 Wap 591151821 304794864 152172581 717102073 777.639018 134567615 414649192 210.710146
0.894325886 0.861344828 Wap 585377256 304207926 152296704 715989954 777.047744 135301701 40957755 205.58043
0.92130179  0.895758621 Wap 579716056 303590605 1524.09114 71487691 776457222 136.032737 4051535 207086425
0.947774526 0930172414 Wap 574164864 302939.882 152508655 713764024 775867512 136.76079  40047.0481 205299051
0.973758042 0.964586207 Wap 568720458 302252272 152594154 712651474 775278768 137 485921 395822789 203.525071

0.999265775 0.999 Wap 5.63379742 301523565 1526.63935 711538902 774690613 138208195  s9120.364 204. 761968
TK] = 295.15 Results (component 2/ B):
C3F8 + N2| p[bar] = 1 Binary interaction parameter kij = -0.0166

ideal pas at reference state

z_B[mol/mol] m_B[kg'kg] Phase  d[kg.m3] h[J).kg-1] s[).kg-1.K-1] cv[).kg.K-1] cp[J.kg.K-1] SoS[m.s-1] h_0[Lkg-1] s_0f) . kg-1.K-1]

0.00667 4449 0.001 Wap FA1415404 1243701 B86.EEB02Z2 743.891764 792409241 116171346 0 [
019771857  0.035413793 Wap B. 40783157 128093074 7116367 74364076 80018549 12856382 0 [
0.335066552 0.0692827586 YWap 548467661 131770163 736.803665 7F43.462041 808270541 139978135 0 [
0438567262 0104241379 Wap 479615678 135420793 7E1.312431  743.324054 816526904 150 666951 0 [
0519359862 0.138655172 Wap 4 26228968 139054 827 7O6.084894 743210749 824887551 160.799749 0 [
0584178836 0.173068966 Wap 3.83594887 142677 782 B10.833237 74311345 B33.3ME26E  170.48676 0 [
0637335262 0.207482759 Wap 348748014 14620298 835864756 F43.027173 841.791901 179806422 0 [
0681716923 0.241896552 Wap AN972576E7 1490902539 BE0.284083 F42.948671 850.301103 1883.817038 0 [
0.719330895 0276310345 Wap 295176071 153507 868 B84 994294 742876125 858.835418 197 563401 0 [
0.751615503 0.310724138 Wap 274136411 157109945 909 697512 F42.807992 BE7 388764 205.08084 0 [
077962846 0.345137931 Wap 285802606 160709 464 ©34 305247 742742094 5750956601 214.357809 o o
0.804164947  0.379551724 Wap 239947409 164305938 959 088603 7F42.680942 884 536572 222 537605 0 [
0.82583431 0413965517 Wap 225868116 167902748 983778407 742620814 893125757 230519618 0 [
084511135  0.448379N1 Wap 213351784 171497 186 1008.46529 742562291 901.722573 238 360157 0 [
0.862371515  0.482793103 Wap 202151803 175090481 103314974 742505447 910326078 246 073086 0 [
0877915595 0517206897 Wap 1.92069836 17868281 1057 83213 742 449667 918934854 253 670329 0 [
08919587401 055162069 Wap 1.82046997 182274319 108251279 742394712 927 548028 261.162202 0 [
0.904786648 0586034483 Wap 1.74662281 185865122 110719195 742 340773 936165268 268 557689 0 [
0916478482 0620448276 Yap 167077729 189455316 1131.86983 742 28763 944 785945 275064689 [ <]
0927200688 0654862069 Wap 16013338 193044.978 1186 54658 742.234918 953 409342 283.090184 0 [
0937069053 0.B89275862 Wap 1.53743668 196634174 118122235 742183052 962035589 290240341 0 [
0946181697 0.7236895558 Wap 147844656 20022296 120589726 742131585 97Y06R3998 297 320693 0 [
0954622202 0.758103448 Wap 1.42381872 203811.382 12306714 742.080433 979294281 304.336203 0 [
0962462297 0792517241 Wap 1.37308626 207399 479 125524486 742029269 087 925937 311.201319 0 [
09597653844 0.826931034 Wap 1.32684664 210987 287 127991771 741979097 996559824 318.190011 0 [
0.976580493 0.861344828 Wap 1.28175098 214574.834 1304559001 741.928709 100519461 325.035983 0 [
0932953994  0.895758621 Yap 1.24049539 M8162.146 132926182 741.8758743 1013.83081 331.832509 [ ]
0.988940275 0930172414 Wap 120181391 221749245 135393319 741.8293295 1022.46853 338.58259 0 [
0994560322 0.964586207 Wap 116547282 225336151 137860415 741779647 1031106867 34528905 0 [
0.999350899 0.999 Wap 1131126588 228922881 140327475 741730469 103974613 351.954355 0 [
References

[A1-1] Mainly from slides by V. Vacek ATLAS ID®sonar meeting: 22/4/2016itp://indico.cern.ch/conferenceDisplay.py?confli§92
[A1-2] “Perturbed-Chaim SAFT: An Equation of St&ased on a Perturbation Theory for Chain Molecules
Gross, Joachim; Sadowski, Gabrielad. Eng. Chem. Re8001,40, 1244-1260.
[A1-3] “A sonar-based instrument for the ratiomettetermination of binary gas mixtures”:
G. Hallewell et al: Nucl. Instr. & Meth A 261988) 219.
[A1-4] “Properties of saturated fluorocarbons: Exqmental data and modeling using perturbed-chaifFBA
G. Hallewell, V. Vacek & V. Vins, FiPhase Equlibria, 292, (2010) 64
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APPENDIX-2: Flow Control PID program for ATMEL micro-controller chip

(implemented July 2000 by C. Bayer, Univ. Wuppertgt
pre-gnu conversion to machine code (page 1 of 4)

#include <io.h>
#tinclude <interrupt.h>
#include <math.h>
#include <sig-avr.h>
#include <timer.h>
#tinclude <wdt.h>
#include <eeprom.h>
#include "mfc.h"
uint8_t volatile dispch, map, input, ziff, flash, fon;
int16_t volatile temp, disp[DISPLAYS], par[PARAMS], aktpar, aktsig
n;
int16_t last_error, acc_error, lastout;
static int16_t dummy_attribute_((section (“.eeprom”))) = 0;
static int16_t savepar[PARAMS] _attribute_((section (“.eeprom”))
)={
PAR1, PAR2, PAR3, PAR4, PAR5, PAR6, PAR7
b
void delay( uint8_t anz ) {
uint8_t i;
uintl6_tj, k;

for (i=0;i<anz; i++)
for (j=0; j<32768; j++) k+=];
}
int16_t round (float t) {
t *=10;
if (fabs(t)==1t)return (intl6_t) (t-0.5);
else return return (int16_t) (t+0.5);
}
void display( int16_t n) {
uint8_t tmp;

if (n<0){
n=-n;
sbi( PORTC, CMINUS ) ;
}
else cbi ( PORTC, CMINUS) ;
if (input && aktsign && ( ziff I =4 [| fon ))
sbi( PORTC, CMINUS ) ;
if (n>999)n=999;
tmp=(n/100);
if (ziff == 1) FLASH ( SEG1, tmp ) ;
else {

if (tmp ==0 && ! ziff )

SEG ( SEG1, SEGBLANK ) ;
else
SEG (SEG 1,tmp);

}
tmp=(n/10)%10;
if ( ziff ==2) FLASH (SEG 2, tmp ) ;

else

SEG(SEG2, tmp ) ;
tmp =n % 10;
if ( ziff == 3 ) FLASH( SEG3, tmp);
else

SEG( SEG3, tmp ) ;

}
inline uint8_t getbyte( void ) {

loop_until_bit_is_set( SPSR, SPIF ) ;
return inp( SPDR ) ;
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APPENDIX-2: Flow Control PID program for ATMEL micro-controller

int16_t readadc (uint8_tt) {

}

uint8_t tl1, t2;

floatt;

cli();

cbi( PORTC, CCSADC ) ;

outp( SPIADCGET I (rot3(i)« 4 ), SPDR);
getbyte() ;

outp( SPINULL, SPDR ) ;

tl = getbyte() ;

outp( SPINULL, SPDR ) ;

12 = getbyte() ;

sbi( PORTC, CCSADC) ;

sei();

t=(tl«5)+(t2»3);
t/=(RESOLUTION / VREF ) ;
t=(RESISTOR *t)/(VREF—t);
t=log(t);

t=inverse (AO+Al1*t+A3*t*t*t)+KELVIN;
return round(t);

void initdac( uintl6_tv) {

chi( PORTC, CCSDAC) ;

outp( high( v) | SPIINITDAC, SPDR ) ;
getbyte() ;

outp( low(v), SPDR);

getbyte() ;

sbi( PORTC, CCSDAC };

void setdac( uint8_t ch, int16_t value ) {

intle_tv;

if (value<0)v=0;

else {
if ( value > RESOLUTION ) v = RESOLUTION;
else v =value;

}

chi( PORTC, CCSDAC ) ;

outp ( high (v) 1 (ch « 6 )1SPISETDAC, SPDR );

getbyte() ;

outp( low(v), SPDR);

getbyte() ;

sbi( PORTC, CCSDAC) ;

SIGNAL( SIG_INTERRUPT1 ) {

uint8_t *p, *e;

if (input) {
if ( ziff ) {
if ( ++ziff == 5) {
ziff = 0;
par[input - 1] = aktsign ? -aktpar : aktpar ;
e = (uint8_t *) &savepar(input -1] ;
p = (uint8_t *) &parl[input -1] ;
eeprom_wb( (uintl6_t) e, *p);
eeprom_wb( (uintl6_t) (e+1), *++p);
}
}
else ziff = 1;
}
else {
if ( ++dispch == DISPLAYS ) dispch = 0;
}
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APPENDIX-2: Flow Control PID program for ATMEL micro-controller chip (page 3 of 4)

SIGNAL ( SIG_INTERRUPTO ) {

If (input && ziff ) {

switch (ziff ) {
casel:
if (aktpar /100 ! =9 );aktpar +=100;
else aktpar = -=900;
break;
case2:
if ( (aktpar /10) % 10 ! =9 );aktpar +=10;
else aktpar -=90;
break;
case3:
if (aktpar %10 ! =9 );aktpar ++;
else aktpar=-=9;

break;
case 4 :
aktsign = laktsign ;
break ;
}
}
else {
if (input++ == PARAMS ) input=0;
else {
aktsign = par[input-1]<0?1:0;
aktpar = aktsign ? -par[input -1] : par[input —1] ;
}
}
}
SIGNAL ( SIG_OVERFLOWO ) {
if (input) {
if (flash % FL_MOD == FL_ON ) {
SEG( SEGM, input ) ;
fon=1,;
}
else
if ( flash% FL_MOD == FL_OFF ) {
SEG( SEGM, SEGBLANK ) ;
fon=0;
}
flash++;
display (aktpar );
}
else {
flash = FL_INIT;
SEG( SEGM, dispch +1);
display( disp[dispch] ) ;
}
timer0_start() ;
}

SIGNAL( SIG_OUTPUT_COMPARE1A ) {

intl6_t error;

int32_t output, tmp;

error = ( temp -par[1] ) ;

if (abs( error ) < DEADBAND ) error=0;

tmp = (long) error * (long ) par[2] ;

if (tmp >32767L) tmp =-32767L;

else if (tmp <-32768L ) tmp =-32768L;

output = tmp;

output += ( (long) ( error —last_error ) * (long) par [4] );

if (!((error <0 && lastout == OUT( par[5] ) ) [l
(error >0 && lastout == OUT( par[6] ) ) ) ) {
tmp = (long) acc_error;
‘tmp += (long) error;
if (tmp >32767L) tmp = 32767L;
else if (tmp <-32768L ) tmp =-32768L;
acc_error = (short) tmp;
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APPENDIX-2: Flow Control PID program for ATMEL micro-controller chip (page 4 of 4)

tmp = ( (long) acc_error * par([3] );
if (tmp >32767L) tmp = 32767L;
else if (tmp <-32768L ) tmp =-32768L;
output += tmp;
disp [ 2] = (( short) tmp ) / 33;
if (output < OL ) output = OL;
else if ( output > 32767L ) output = 32767L;
last_error = error;
lastout = ( (short) output ) » 3;
if ( lastout > OUT( par([6] ) ) lastout = OUT( par[6] ); .
else if ( lastout < OUT( par[5] ) ) lastout = OUT( par[5] ) ;
setdac (2, lastout ) ;
disp[1] = lastout » 2;
}
int main( void ) {
uint8_t i, anz;
int32_t sum;
outp ( DIRA, DDRA ) ;
outp ( DIRB, DDRB ) ;
outp ( DIRC, DDRC ) ;
outp ( DIRD, DDRD ) ;
outp( AINITO, PORTA );
outp( CINITO, PORTC ) ;
outp( DINITO, PORTD ) ;
delay( 50 );
SEG( SEGALL, SEGBLANK ) ;
outp( CINIT1, PORTC ) ;
outp( DINIT1, PORTD ) ;
outp( BV( SPE ) I BV( MSTR ), SPCR ) ;
outp( BV(INTL) I BV( INTO ), GIMSK ) ;
outp( BV(1SC11)1BV(I1SC01), MCUCR);
outp( BV(OCIE1A ) I BV( TOIEO ), TIMSK ) ;
outp( BV( CTC1)1CK64, TCCR1B );
__outw( PIDSAMPLE, OCR1AL ) ;
timer0_source( CK1024 ) ;
timer0_start() ;
eeprom_read_block( (uint8_t * ) par, uint16_t) savepar, PARAMS
«1);
initdac( 0 );
setdac( O, IOFFSET ) ;
setdac( 1, IOFFSET ) ;
#if FL_INIT!=0
flash = FL_INIT;
#endif
temp = readadc( par[0] -1);
disp [0] =temp;
sum =0L;
anz=0;
sei();
while (1) {
sum += (long) readadc( par[0] -1);
for (i=0;i<255;i++)nop();
if (!++anz){
cli() ;
temp = (short) (sum /256 ) ;
disp[0] = temp;
sei ();
sum =0L;
}

wdt_reset() ;
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APPENDIX-3 Material safety data sheet for a typical SFC
(Page 1 of 4)

Page:1/4
S SAFETY DATA SHEET —
U | Date - 15/7/2005
Supersedes 1 VIVD
Hexafluoroethane (R116) ALOG64
Tarvyraabie, mon h‘:&c
FEES
1 IDENTIFICATION OF THE SUBSTANCE /f PREPARATION AND OF THE COMPANY [ UNDERTAKING I
Trade name ¢ Hawafliuorosthane (R118)
MSDS Mo T ALDE4
Chemical formula +C2F8
Company identification AR LIQUIDE 3A
France
See paragraph 18 "OTHER INFORMATION®

Emergency phone nr . See paragraph 18 "OTHER INFORMATION"

I 2 COMPOSITION / INFORMATION ON INGREDIENTS I
Substance | Preparation : Substance
Substance nams Contents CAS MO EC No index Mo Classifcation
Hexafluorosthans [R115} = 0D % TE-15-4 Z00-533-3 —
Contains no other components of impurities which will influence the classification of the product:

| 3 HAZARDS IDENTIFICATION |
Hazards identification : Liguefied gas.

In high concentrations may cause asphyiation.
| ¢ FIRST AID MEASURES |

First aid measures

- Inhalation > In high concentrations may cause asphyxation. Symploms may inciuede hoss of
mobility/conscicusness. WVictim may not be aware of asphyxiation.
In low concentrations may cause narcotic effects. Symptoms may include
dizziness, headache. nausea and loss of co-ordination
Remove victim to uncontaminated area wearing salf contained breathing
apparatus. Keep victim warm and rested. Call 3 doctor. Apply artificial respiratian if
breathing stopped.

- Skinfeye contact o Immediately flush eyes thoroughly with water for at least 15 minutes.
In case of frosthite spray with water for at least 15 minutes, Apply a stenie dressing.
Obtain madizal assistance.

- Ingestion i Ingeston is not considered a potential route of exposure
5 FIRE-FIGHTING MEASURES I
Flammable zlass ¢ Mon flammable
Specific hazards ; Exposure to fire may cause containers to rupturalexpliode.
Hazardous combustion products ¢ ¥ involved in a fire the following toxic and/or corrosive fumes may be produced by

tharmal decomposition - Carbonyl Aucnde. Carbon monocwide. Hydrogen fluonde:
Extinguishing media
- Suitable extinguishing media i All known extinguishants can be used

AIR LIQUIDE SA
France
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APPENDIX-3
Material safety data sheet for a typical SFC (pag2 of 4)

Page:-2/4
: SAFETY DATA SHEET R“: edition no - 1
AlH Llﬂ.UlDE Date : 15720085
Supersedes : VD
Hexafluoroethane (R116) AL0OB4

5§ FIRE-FIGHTING MEASURES (continued)

Specific methods : If possible, stop fow of product.
Mowve sway from the container and cool with water from a protecied position,

Special protective equipment for fire : Use self-contained breathing apparatus and chemically protective clothing,
fighters

| & ACCIDENTAL RELEASE MEASURES

Personal precautions 1 Evacuate arga.
Wear self-contained breathing apparatus when enlenng area unless atmosphere is
proved o be safe.
Ensure adequale air ventilaton

Environmental precautions : Try to stop release.
Prevent from entering sewers. basements and workpits. or any place where its
accumulation can be dangerous.

Ciean up methods ! Ventilate ares

T HANDLING AND STORAGE

Storage ! Kaep contsiner below 50°C in a weill ventlated place
Handling ¢ Suck back of water inlo the container must be prevented
Co not allow backfeed into the container
Use only properiy specified equipment which s suitable for this product, its supply
prassune and temperature. Contact your gas supplier if in doubt
Refer to supplier's containgr handling instructions.

| 8 EXPOSURE CONTROLS /| PERSONAL PROTECTION

Personal protection : Ensure adequate ventdaton
Do not smoke while handing product

|_9 PHYSICAL AND CHEMICAL PROPERTIES

Physical state at 20 *C ¢ Liguefied gas.

Colour : Colourtess

Odeju)r ¢ No odour waming properties.
Molecular weight o138

Melting point [°C] : =101

Baoiling point [°C] : =782

Critical temperature [*C] eT

Vapour préessure, 20°C 130 bar

Relative density, gas [air=1) S48

Relative density, liquid [water=1) SZ3

Solubility in water [mg/] o Mo refiable data available
Flammability range [wol¥% in air] : Mon flammable.

Other data : (Gasfvapour heavier than air. May accumulate in confined spaces, particularly at or

below ground lewel.

AIR LIGUIDE SA

Framce
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Material safety data sheet for a typical SFC (pag8 of 4)

AIR LIQUIDE
~

FPage:3/4

SAFETY DATA SHEET e

Date : 1572005

Supersedes : W00

Hexafluoroethane (R116) ALOG4

10 STABILITY AND REACTIVITY

Stability and reactivity

: Stable under monmal conditions._

Thermal decomposition yields toxic products which can be comosive in the
presence of moistune.

| 11 TOXICOLOGICAL INFORMATION

Toxicity information

: Mo known toxkoological effects from this produst.

| 12 EcoLOGICAL INFORMATION

Ecological effects information
Effect on ozone layer
Global warming factor [CO2=1]

: Mo known ecological damage caused by this product.
: Mot covered by the Montneal Frotoool

§200

| 11 DISPOSAL CONSIDERATIONS

General

: Do not discharge into any place where its ascumulation could be dangerous

Contact suppler if guidancs is requingd.

| 14 TRANSPORT INFORMATION

UN No.

H.L nr

ADR/RID

= Proper shipping name
-ADR Class

- ADR/RID Classification code
= Labelling ADR

Other transport information

P 2193

20

: HEXAFLUOROQETHANE (REFRIGERANT GAS R 118)

2

T ZA
: Label 2.2 : Non flammable, non toxic gas
: Avold transport on vehicles where the load space is not separated from the driver's

companméent.

Ensure vehicle driver is awanre of the potential hazards of the load and knows what
ta do in the event of an accident or an emergency.

Before transporting product containers :

- Ensure that containers are firmly secuned.

- Ensure cylinder valve is closed and not leaking.

- Ensure valve outlet cap nut or plug (whene provided) is comectly fiied.

- Ensure valve protection device (where provided) is comectly fited

- Ensure there is adeguate ventblabion.

= Compfiance with applicable regulations.

I 15 REGULATORY INFORMATION

EC Classification

EC Labeiling
- Symbol{s)

- R Phrase(s)
- 5 Phrase(s)

: Mot ncluded in Annex 1.

Mot classified as dangerous preparation/substance.

: Mo EC labefling requined.
: MNone.
: Mone.
: Mane.

AR LIGUIDE 54

France
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APPENDIX-3
Material safety data sheet for a typical SFC (pagé of 4)

= Page:4/4
| SAFETY DATA SHEET [ e ———
Aiﬂ LlﬂUlDEq Date - 15/7/2005
Supersedes : 0/0VD
Hexafluoroethane (R116) ALO64

I 16 OTHER INFORMATION

Asphyaant in high concentrations.

Keep containgr in well ventilated place.

Do not breathe the gas.

Ensure all nationalflocal regulations are observed.

Contact with gquid may cause cold bumsifrostbite.

The hazard of asphyxiation & often overooked and must be siressed duning operator raining.

This Safety Data Sheet has been established in accordance with the applicable European Directives and apphes io all
countries that have translated the Directives in their national laws.

Before using this product in any new process of expenment. a thorough matenal compatibility and safety study should be
carned out,

Details given in this document are believed to be correct at the time of going to press. Whilst proper care has been taken in
the preparation of this document, no Bability for injury or damage resulting from its wuse can be acoepted.

Recommended uses and restrictions | This SDE is for information purposes only and is subject o change without notice, [

Frior to purchase of products, please contact your local AIR LIOQUIDE office for a
complete 503 (with Manufacturer's name and emergency phons number).]

End of document
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APPENDIX-4: Perfluorocarbons and global warming

This appendix puts in perspective the contributionsf per-fluorocarbons
to global warming, based on recent DOE figures.

DOE/EIA-0S73(2000)

Emissions of Greenhouse Gases
in the United States 2000

November 2001

Energy Information Administration
Office of Integrated Analysis and Forecasting
U.5. Department of Energy
Washington, DC 20585

Thes repornt was prepared by the Energy information Administralion, the independent statrstical and
analyticsl agency within the Depariment of Enargy. The mformation sontsined hersin should be
atinbated 1o e Enengy Information Admanistration and should not be construed as adwooating of
refiecting any policy position of the Department of Energy or of any other onganizaton,
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APPENDIX-4 (cont)

Executive Summary

Table ES2. U.S. Emissions of Greenhouse Gases, Based on Global Warming Potential, 1950-2000
(Milion Metric Tans Carbon Equivalent)

Gas |1sso|m1i1ss:z|1sa:si1m|msiisas|mrl1ﬂi|m|mm
Carbon Dicwide ....... 1355 1341 1367 1300 1425 1438 1488 1500 1511 158 158
Methane............. 188 200 200 194 104 105 188 188 1Bt 180 177
Nitrous Oxide ... ..., o4 o8 a8 g8 W W 1 o] g2 10 o0
HFCs, PFCs, and 5F, .. 30 28 29 30 0 a5 39 42 45 45 47
Tahl st 1678 1665 1694 1722 4757 1770 41815 1836 1836 1860 1906
P = prefiminary data

Note: Data in this table are revised from the data contained in the previous E1A report. Emissions of Greenhouse Gases in the
United States 1800, DOE/EIA-DST3{80) (Washington, DC, October 2000).

Sources: Emissions: Estmates presented n this report Gloh#wxmano!ms Intergovemnmental Panel on Cimate
Change, Ciimate Change 2001 The Scientific Basis {Cambndge, UK: Cambridge Universty Press, 2001), pp. 38 and 338-382.

Figure ES1. U.S. Greenhouse Gas Emissions

by Gas, 2000
Energy-Related (Million Metric Tons
Carbon Dioxide Carbon Equivalent)
1.547.4 (81.2%)
HFCs, PFCs, and SF
46.8 (2.5%)

Nitrous Oxide
99.4 (5.3%)
359 (1.9%)

Source: EIA estmates presented in this report.
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APPENDIX-4 (cont)

IPCC Calculates New Global Warming Potentials in 2001

Clobial warming potentials (CWPs) provide a means of
comparing the abilities of different greenhouse gases to
trap heat in the atmosphere, The CWP index converts
emissions of various gases into a common measure,
described as the ratio of the radiative forcing that
would result from the emissions of one kilogram of a
greenhouse gas to that from emissions of one kilogram
of carbon dioxide ((C0,) over a period of thme®

In 2001, the Intergovernmental Papel on Climate
Change (IPCC) Working Croup [ released its Third
Assessment Report, Climate Change 2001: The Scientilic
Basis Table 6.7 in the IPCC report gives revised CWPs
for a number of the “other gases” Included in this chap-
ter® In the table below. the revised CWPs are com
pared with those published In 1996 in the [PCC's
Second Assessment Report, Climate Change 1995 The
Scienice of Climate Change®

The 2001 direct CWPs are based on an Improved calcu
lation of €O, radlative forcing and new values for the
radiative forcing and lifetimes of a number of
halocarbons.? One significant revision, drawn from a
1999 repart by the World Meteorologieal Organtzation,
Sdentific Assecsment of Ozone Depletion. 1s the radiative
efficiency (per kilogram) of CO,. updated to a value
that 15 12 percent lower than the [PCC's 1985 estimated
value, at 0.01548 Wm 2/ ppmv {watls per square meter
per part per million by volume) @ Another significant
revision s the updating of several radiative efficiencies
(per kilogram), most notably, that of CFC-11_ The radi-
ative forcing estimates for halocarbon replacement
gases, which are scaled relative to that of CFC-11 when
their CWPs are calculated, are also affected by this
change"®

Comparison of 1996 and 2001 IPCC Values for the Global Warming Potentials {GWPs) of “Other Gases™

Gas [ 1586 IPCC GWP | 2001 IPCC GWP
e A 11,700 12,000
HFC-125 e e 2800 3.400
P IR - s s v s A e AT A 1,300 1,300
R o o S T R S T e 3.6800 4,300
i o i 1 e i e e R TH s Hfole 5 B B 1430 120
HFC-22Tea .. inio..ioin 2000 3,500
ERGRE - Sl  a e £:300 £.400
Ferfluoromathans (CF,). . . i £.500 5700
Perflusrosthane (CoFg ..o il i ... £.200 11.600
Sulfur Hexafluoride (SF) . .. .o oo ..o 23800 22.200

*The GWPs shown here are based ona time horizon of 100 years:
Bniergovernmental Paned on Climaie Change, Climte Change 2001; The Scientife Basts {Cambridge, UK Cambridge University
Press, 2001}, pp. 383-389,
“Inerpovernmental Panel on Climate Change, Climate Change 1995 The Scleper of Clinnte Change (Cambridge, UK: Cambridge Uni-
WNJE Press, 1966). p. 121
limate Change 2001, p. 386,
SChmate Change 2001, p. 387,

Total U.S. Emissions of Hydrofluorocarbons,
Perfluorocarbons, and Sulfur Hexafluoride,
1990-2000

Estimated 2000 Emissions

{Million Metric Tons Carben Equivalent) 46.8
Change Compared to 1999
{Million Metric Tons Carbon Equivalent) 20
Change from 1998 {Percent) 4 5%
Change Compared to 1990
(Million Metric Tons Carbon Equivalent) 17.1
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APPENDIX'S Some (incomplete) guidelines to SFC materials comiiaility
(Page 1 of 2)

Table A5-1. liquid SFC compatibility with variouglte materials and valve seal elastomers:
(CgF14 liquid immersion unless stated otherwise)
Radiation data in addition to finding in sectioand references therein.
Sourceshttp://detector-cooling.web.cern.ch/detector-capfilsidmaterial.html
including compilation by M. Capaens, CERN, Novemd@d1), 3M Corp., DELPHI-RICH SLAC-SLD etc.

Gas Permeability GLOBAL
Rad Hard® Compatibility ®° Px10*(cm®mm/cm? s cm Hg) RESULT
(DATA: Angst+Pfister)
St. Steel OK OK 0 OK
OK (if fluid is pure)
Aluminium Not well know if fluid is
OK contaminated with O, O,, 0 OK
C-H due to F-production
OK (if fluid is pure
;Oﬁ;’jrraglriie oK Not wgall know .ifh‘f)Iuid i)s 0 oK
drawing oil) contaminated with kO, Oz
C-H due to F-production
10° rad
PEEK (Data: TIS/CFM OK (Data: 3M) OK
IMTR/96-17)
— 10" rad
PUR (Data: OK (Data: 3M) 5N, 15-50 Q, 140-400 CQ® OK
Angst7+Pfister)
10" rad
Po'yp[_,og’y'e”e (Data: 35N, ~100G, ~ 35 CQ 2
Angst+Pfister)
Polyethylene 10’ rad OK (Data: DELPHI 95-21
PE (Data: CERN 82- RICH 66) 01N ~101-6CQ8H, OK
10)
Nylon 10" rad
See (Polyamide 6) (Data: 1%§RN 82- OK (Data: 3M) 2N~1016CQ 8H, OK
OK (Data: 3M)
Rilsan Discolaration, Weight loss, BAD
Note (polyamide 11) but mechanical prop. OK
(Data DELPHI95-21RICH66
Teflon (PTFE) BAD BAD
& Absorbs SFCs
10° rad
PVC (Data: ?Dogge;fﬁft 0.3\, ~1 0, 1-10CQ 33H, | BAD
Angst+Pfister) )
Araldite 2100 OK (Data:ALICE HMPID) OK
— 3M-DP190epoxy OK (Data : SLAC-SLD) OK
Kalrez® seat OK (Data : SLAC-SLD) OK
elastomer
Kel-F® seat OK (Data : SLAC-SLD) OK
elastomer
Vespel® OK OK
C3Fg sat vap (Data: ILK-Dresden 2004)
. Weight, dimension gain, reduced
Gylon ® in . OK 7 tensi?e strength, pro%ably betterjn OK ?
CsFg sat vap (Data: ILK-Dresden 2007) superheated vap (BPR membrane)

Note: fluorocarbons as they remove the plasticisédrom certain plastics making the product brittle. Source: G.
Lenzen, DELPHI RICH and 3M Sources:

8 OK means that material does not show any damage the indicated dose. BAD means it is affectetl bedow 1 rad.
6 Effect means change of weight and/or volume &fté2h immersion in g4 Some effect means > 1%. BAD means >4%.
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APPENDIX 5 — (Cont)
(Page 2 of 2)
A very good summary of SFC compatibility with aiedy of polymers is given in ref

http://detector-cooling.web.cern.ch/detector-caplitata/FluoroCompatibility.htm
from which this material is copied.

3M and various materials manufacturers were coadbloy the CERN EN-CV group regarding compatibitifytheir
products with Fluorinert SFCs:

GOOD

« Acrylic (Acrylite / Acrysteel / Aristech / Cyrdk / Diakon / Kamaxjpossible

* Buna-N - Nitrile rubber (NBR=Acrylonitrile butagie rubber - Perbunan-NT / Hycar / Butacril /
Chemigum / Isr-N / Stansolv / Sol-Vexjood

* Nalgene - Polyurethane (PU/PUR=Polyurethane nubWelkollan / Adiprene)possible

* Neoprene W (CR=Polychloroprene rubber - Baypidrdx / Stanzoil¥prohibited

 Silicone (SIR=Silicone rubber - Silastig)ossible

BAD

+ Nylon (PA=Polyamid - Stanyl / Capron / Ultramid /ak&nyl / Zytel / Orgamid /
Grilon / Rilsan / Reny / Vestamidpossible

« Polypropylene (PP=Polypropylene - Celmar / Copr@akcogreen / Hostelen PP /
Novolen / Appryl / Lacgtene / Propathene / Ektar/Frtilene / Marlex / Polyfine /
Pro-Fax / Tenitejpossible

+ PVC (PVC=Polyvinyl chloride - Betaglas / DarvicibErlok / Trovidur / Hostalit /
Vestolit / Tygon)*prohibited

« Teflon (PTFE=Polytetrafluoroethylene - Flubriflofluon / Teflon TFE / Valflon F
/ Hostaflon TF / Furon / Gortex / Tfm / Rulotygrohibited

« Tygon (PVC)*prohibited

+ Viton (FKM=Fluoroelastomer - Fluoretprohibited

« (from our test) EPDM (Ethylene propylene rubbereltén / Nordel / Vistalon /
Buna-AP / Pyrofil)*possible

*CERN IS 41 classifications
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APPENDIX 6 Selected physical data for saturated flarocarbons

This appendix is a compilation from various souroéselevant parameters and properties for satdrfit®rocarbon
fluids, with the exception of specific pressurekaipy curves already included in preceeding chapt&he most
pertinent properties are:

» Saturated vapour pressure as a function of temperat
e Liquid and gas phase density as a function of teatpee;
e Liquid Viscosity as a function of temperature;

e Solubility of various gases in the fluorocarborulitg;

« Refractivityvs.wavelength;

e Optical transparencyswavelength.

Figure A-6.1 shows the saturated vapour presswseemperature for the SFCs currently considere@herenkov
radiator and detector cooling applications. The \hatility heavier fluids GF5 and GF1g (known via their 3M Corp.
appellations as PF5070 and PF5080), though comatigranarketed, are not currently in common useightenergy
physics applications.

(4 F1 () == (5F12 —C6F14 ==C3F8 —C2F6 — CF4 ——C7F16 — C8F18
100000
10000 . —
= = —
: : : o i il - i
£ 1000 _ : = = : o
5 : A Tt
; o = »
rai 100 = = = = :5
S i Dt i e
- "
= 10 __,é/ < :,/
£ 7 7 7
=, Vd V.4
7 1 /- ;
g ’ll - y
0’1 .:1 / =
——F—
7 7
0.01 +— 411 4
-150 -100 -50 0 50 100
Temperature (°C)

Fig. A6-1. Vapour pressure curves of the saturdligarocarbons currently used in high energy physiherenkov and detector
cooling applications.
Sources:
»  Dirk Wiedner : Presentation on LHCb RICH detectorR#EH2007:http://rich2007.ts.infn.ifA6.-1]
e S.Pignato (3M Corporation): private communicati@x6-2]
* Air Liquide Gas Encyclopaedia (Air Liquide/ElseVyidSBN-10: 0444414924, ISBN-13: 978-0444414922 B\6-
e http://detector-cooling.web.cern.ch/Detector-Codlifeda/ TABLE4-1.HTM[A6-4]

Figure A6-2 illustrates the kinematic viscosity \@irious SFC liquids as a function of temperaturee kinematic
viscosity in cSt (centistokes: 1 ¢St =°%087s™) can be converted to the dynamic or absolute sisgin units of Pa.s or
kgm's* by multiplication by the liquid density.
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Fig. A62. Kinematic vicosity curves of 3M Cor— manufactured fluorocadn “performance fluids”):

the third numler in the index refers to the number of carbom@tan thenolecule
Source: S.Pignato (3M Corporation): private communicatior6fa]

Figure A63 illustrates the densitof various SFC liquids as a function emperature yhile Fig. A¢€-4 illustrates the
superheated vapour density of trarious SFCs as a function of temperature at giheric pressure . The very lar
temperature range spans from boiling temperature at 1 bar abs to 50 C. Whike superheed vapour density at
temperatures in the range 462 C at atmospheric pressure is of interest in thaext of large Cherenkov radiat
enclosures, the density at low toeratures has significance in the design of th@aulator tubing, particularly a
condensation/evaporation cycle imployed

Fig A6-5 illustrates the variatn of superheated vapour density vs temperatueg a wide range of pressures
the fluid GFg, which has been eznsively studied for evaporative cooling the ATL.silicontracker. The density in
varying pressure bands is of intet to the design of exhaust tubing, wh- dependin on the evaporation pressi-
the superheated vapour followinwaporation of all the injected liquid may be ab@amospheric pressure. Alata for
figs A6-4 & A6-5 is calculated usg the NIST o-line databaséttp://webbook.nist.govhemistry/fluid

Figure A66 shows the typicaleat capacity of the 3M Co “Fluorinert” liquid SFCs inliquid phase; data relevant

to liquid phase cooling and heatchange in condenseisource 3M CorpAs noted, tese are similar, to within &,
over the fluid range.

Table A64 indicates the soluity of commonly-encountered gases at atmospheressue into a liquid SFC at a
temperature of 2%. Their solubily into water at the same temperature is shoamcomparison. It can be seen t
the solubility irto the SFC liquid ismuch greater than into water under the same tons
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Fig. A6-3. Liqud density curves of 3M Corp. manufactured fluorocarbon “perrmance fluids”):

the third numler in the index refers to the number of carbormedn thenolecule
Source S.Pignato (3M Corporation): private communicatiorbf2].
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Fig. A6-4. Superheatl vapour densg curves for SFCs used as Cherenkov radiators: Sol¢®. National Institute of Standar
(NIST) chemitry database: http://webbook.nist.gov/chemistry/fluifiA6-5].
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Fig. A6-5. Superheated vapour density curves {6 &s applicable to evaporative cooling applicatioouge: U.S. National
Institute of Standards (NIST) chemistry databalstip://webbook.nist.gov/chemistry/fluifiA6-5].

“ |

04

03 |

Specific Heat, cal/gm.-"C

02

0 -

Temperature, °C

Note: T:;: liguid phase specific heats of all the “Fluarinert” Liquids are within 0.005 cal.fgm.-°C of the line shown
above,

Fig. A6-6. Specific heat capacity of the 3M Corplu&rinert” liquid SFCs in liquid phase:
relevant to liquid phase cooling and heat exchaingeondensers: source 3M Corp.[A6-2]
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Table A6-1. Solubility of various common gases aliquid SFC (3M FC-72: &) at 25°C,
with comparison with water under the same conditieasirce 3M Corp.

Dissolved Gas Into Water Into 3M FC-72 (CgF14)
(P =1 bany) ml gas per ml liquid at 25°C ml gas per ml liquid at 25°C
Helium 0.09 11
Argon 5.6* (at 0°C) 65
Hydrogen 1.9 17
Nitrogen 1.6 43
Oxygen 3.2 65
Carbon Dioxide 80.5 248
Air 1.9 48

The Cherenkov threshold and optical detection béadttivior various SFC fluids used as Cherenkov ttadiare shown
in Fig. A6-7. Both the refractive index and optit@nsparency are strongly dependent on the pofitye fluids, as has
been seen in the preceding sections.

2480A 2067A 1771A  1550A 1378A 1240A 1127A
| I | | T
100 |- o -
- Ne - =
L a7
CFy w0 :C:l
= —_— -
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10 |~ & —
= € 3
- s -
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o= '"‘"“___—_HTIEFK_:""Q T
e g -
T R VPl T R [ ]
—  CFw | ArBSR)Y T
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Eph {eV)

Fig. A6-7. Cherenkov threshold and optical detatbandwidth for various SFC fluids used as Cheremédiators:
source: E. Nappi & J. Seguinot, Rivista del Nuowméhto 28, No. 8-9 (2005) 1. [A6-5]

Fig A6-8a, b illustrates the refractive index of ,CEFs, C4F1, CsF12 and GF14in both liquid form (at varying
temperatures) and for GFC,Fg, CiF10, CsF12also in vapour phase (at 25°C and 1 bar abs). @fnactive indices in the
two states are linked via the Lorentz-Lorenz foranul
21 P M n?-1
(n“-Dyap _ " " ( )LIQ

(n% +2)yap RTyap prig (02 +2)L1q

WhereP is the vapour phase pressure (FRis the molar gas constant (8.314 Jhkl"), T is the absolute temperature
of the vapour phase radiator (K, is the molar mass (kg) amlis the liquid density (kgi). The left and right hand
sides of eq (A6-1) are equivalent and linked tortiidar refractivity which is independent of the riued phase. It can
be seen that the first two product terms on thietfigind side of eq. (A6-1) have a familiar PV/RTnfio

(A6-1)
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Fig. A6-8a Liquid refractive index of GFCFg, CiF10, CsF10 & CgF14; respectively 146, 195, 265, 303 & 329K.

source: E. Nappi & J. Seguinot, Rivista del Nuowméhto 28, No. 8-9 (2005) 1. [A6-5]
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Fig. A6-8. Refractive index of GFCGFs, C4F19 and GF1,in vapour phase at 35°C and 1 bar abs.

Derived from liquid phase refractive indices of Fig-8a via eq. (A6-1)
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Fig A6.6 illustrated the detection bandwidth of Hagurated fluorocarbon radiators in a rather apprate way.

Their maximum transparent detection bandwidth is/ lependent on their cleanliness and the techeigsed to
purify them, as discussed in sections 2.4.2, 24d12.5.2.

Pure CR, whose transparency has not been explicitly dssdisn the context of LHCb or PHENIX, has the wtdes
light transmission down to VUV wavelengths of amatusated fluorocarbon. Absoprtion begins at ~ 10(A6-6]
meaning that in windowed photon detection chamlfentike the PHENIX windowless application) very exgive
Calcium Fluoride or Magnesium Fluoride windows wbble needed to exploit the full Cherenkov photonduadth.

In LHCb however, CFis chosen more for its convenient refractive indean its full bandwidth, which is not
exploitable at wavelengths <200nm with the S20 ptathodes and quartz windows of the HPD (Hybrid t@mo
Detector) tubes.

In addition to the effects of cleaning on maximgioptical transparency already seen in samples@b@nd GF4
(figures 2.21 and 2.23/2.24 respectively), resiitis the cleaning of €, in the context of the SLD-CRID
thermodynamic circulator are shown in figs A6-9ad af6.9b [A6-7]. Fig A6-9a shows the transmissioh o
87%GF1/13% N, radiator gas mixture extracted from the radiagiunm and measured in the 20 cm gas cell of Fig
2.38. The transmissions in the 20cm cell are coetpaith scaled measurements from a typical Cherepkoton path
length of 67cm and also from DELPHI RICH measuretsiémpure GF» made in a 1cm liquid cell [A6-8]. Figure A6-
9b shows the transparencies various 1cm liquid &Esmpxtracted from the -80°CsfE, reservoir tank. These
transmissions are compared with measurements takba DELPHI RICH in November 1998 [A6-8].

I | I | I
1= -
= —t
0090 == :
- 0.75 - =

he.

2 060 I ¢
% ' - —
5 0.45 N CRID gas retum from the vesse! -
g Scaled from CgFy, Np/gas data |
in 20 cm long cell - 10.15.97 -

0.30 ¢ Scaled from CRID liquid =1
CsFyo datain 1 cm long cell g
0.18 ® Scaled from DELPHI fiquid —
CsFq2 data in 1 cm long cell -

0 | I { L
1600 1800 2000 2200

Wavelength (A)

Fig A6-9. Transmission in 87%E,,/13% N radiator gas mixture extracted from the radiateturn and measured in a 20 cm
gas cell, compared with scaled measurements froiatlypgherenkov photon path length of 67cm and alsm DELPHI RICH
measurements in puref, made in a 1cm liquid cell.
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Fig. A6-9b. Transparencies of 1crgRg; liquid samples extracted from the SLD-CRID -80%Egreservoir tank,
compared with measurements taken in the DELPHI RiCNovember 1998.

The combination of data shown in figures A6-9a,bhis appendix, taken together with figures 2.2232and 2.24
of previous sections probably summarize the besiesed transparent bandwidths ofFg, CsF, and GF4 seen in
large-scale operational RICH detector systems.
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ANNEXE A: curriculum Vitae: Gregory David Hallewell

(1) Etat civil
= Né le 18 septembre 1955, Cardiff, Pays de Gall8s, Barié, 3 enfants

(2) Etudes Universitaires

= 1974-77 : études pour dipldme ‘Bachelor of SciemrePhysique et Astrophysique,
Queen Elizabeth College, Université de Londres

= 1977-82 : études pour thése ‘Docteur en Philosophi®hysique des Particules,
Westfield College, Université de Londres

(3) Diplémes Universitaires

= juillet 1977 : ‘Bachelor of Science’ en PhysiqueAstrophysique,
de I'Université de Londres ;

* |e 12 mai 1982 : Doctorat de I'Université de Lorglre
Thése ; « Etude du camdlp & K'Z" entre 1.4 et 2.5 GeV/c »
cadre de I'expérience RMS (« Rutherford MultipdetiSpectrometer ») :
analyse du canai'p 2 K'=" par la technique « Barellet Zéros ».

(4) Mobilité professionnelle

= 19821985 : Laboratoire Rutherford-Appleton, Oxford, GBost-doc;

= 3/1985>10/1991 : Stanford Linear Accelerator Center (SLA®IaNford University,
Californie, USA: Post-doc (3/85-6/90; puigpiltien permanent jusqu’en 10/91);

= (10/1991) : Centre de Physique des Particules de Marg€iRPM) CNRS/IN2P3 ;
UMR 6550
= 10/1991 : Intégration comme ingénieur de rechectdEse 1 en instrumentation ;

= 10/1998>3/2000 : Attaché scientifique CERN en disponibilté2P3
(sur I'expérience ATLAS) ;

= 3/200023/2001 « Visiting Scientist » Rutherford Appletoaloratory, Didcot, GB.,
en mise a disposition IN2P3 (présent au CERN'expérience ATLAS) ;

= 3/2001 : Réintégration comme ingénieur de rechectdmse 1 en instrumentation ;
(expériences ANTARES, KM3NeT et AA%)

= promu ingénieur de recherche classe exceptionjaell€2008.
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(5) Diffusion de I'information scientifique et tedinique

239 publications dans des revues internationales yipaecomité de lecture spécialisé dans
la physique des particules et le développementéesxteurs pour la physique des particules
et I'astrophysique. Auteur principal &@ publications ;

Env. 50 séminaires et présentations en conférences itiemages, le plus récent en mai
2010 ;

Corédacteur du TDR «Technical Design Report» KM3NeT

ISBN 978-90-6488-033-9, mai 2010

Corédacteur du CDR «Conceptual Design Report» KM3Ne

ISBN 978-90-6488-031-5, avril 2008

Chef du comité de publication et de communicationconsortium « KM3NeT » depuis
septembre 2006 ;

Corédacteur du TDRs «Technical Design Reports»é&lecteur a pixels pour I'expérience
ATLAS au CERN. CERN/LHCC/98-13 ATLAS TDR 11 ; 31aiM 998

Corédacteur du TDRs «Technical Design Reports»é&lacteur interne pour I'expérience
ATLAS au CERN. CERN/LHCC/97-17 ATLAS TDR 5 ; 30rd\1997

Co-auteur de 15 notes techniques internes ATLAS enhotes techniques internes
ANTARES;

Auteur de 3 articules d’intérét général sur leed&urs de rayonnements Tcherenkov et le
télescope a neutrinos ANTARES, tous diffusés damevue « Courrier CERN » ciblé au
grand public (10/2010, 3/2003,7/2003) ;

Chef de comité local d’organisation et membre demite scientifique international du
congres RICH2010 (hﬂnternational Workshop on Ring Imaging Cherenkostdators),
Cassis, France, 3-7 mai 2010 ;

Chef de comite de rédaction des proceedings duresriRICH2010 (publication prevu dans
la revue Nuclear Instruments & Methods A en 2011)

Chef de comité local d’organisation et membre demité scientifique international du
congrés VLVnT08 (3International Workshop on a Very Large Volume Nigwat Telescope
for the Mediterranean Sea) Toulon, France 22-24 2008 ;

Chef de comite de rédaction des proceedings duresngLVnTO08 (publication dans la
revue Nuclear Instruments & Methods A, Vol 602,02)) ;

Membre du comité international scientifique dedaférence «RICH2007 »

Trieste, Italie, 10/2007 ;

Membre des comités internationaux d’organisatioargifique des congres

VLVNnT1 (Amsterdam, NL ; oct. 2002) & VLVnT2, (Cate, Italie ; nov. 2005) ;
Présentation sur le télescope a neutrinos ANTAR&EEa@loque national « OPTO2005 »
(Paris Expo le 28 septembre 2005) organise par RPOP& Pble Optique et Photonique
Sud »; un groupement des entreprises et labogatainpliqués dans les développements
photoniques et soutenu par les collectivités dédaon PACA).
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4

(6) Activités de revue et dans le financement degjets scientifiques

Sollicitt comme rédacteur des papiers scientifiqgeesreviewer de propositions de
recherche: Nucl. Instr. Meth. A (Elsevier); Intedn Thermophysics (Springer).

Agence Nationale de Recherche (Programmes blajeuaes chercheurs), CSF (Czech
Science Foundation), Helmholtz Gemeinschaft (Allgng, INTAS (E-U> 1/2007) ;
Membre du comité d’écriture de la proposition pouarprojet d’étude de faisabilité d’'un
télescope a neutrinos en mer Méditerranée aveaneld 1kni (nommée « KM3NeT »),
qui a été soumise a la communauté européenne musda « B¢ programme cadre » en
mars 2004 ;

Membre du comité de négociation financiere poucddence de financement du projet
« KM3NeT » pendant ses 3 années de déroulementte @eoposition a demandé un
financement de la part de la C.E. de €10m ; etiéraarré fév. 2006

sous un base de €9m.

(7) Valorisation / Relations avec industrie et médine

Aot 2000. Gestion d’'une étude collaborative ertiépital Cantonal de Geneve et le
CERN sur la faisabilité d’analyse par ultrasonsradganges utilises dans I'anesthésie. Tests
conclus avec succes au département de l'anestdésitHCG en aout 2000, suivi par
I'écriture du rapport.

Membre du comité scientifigue du GIS (Groupemendusiriel — Scientifique)
CNRS/IN2P3 — Photonis SA, Brive la Gaillarde.

Partenariat pour le développement des nouveauxtewap a photons pour les
applications scientifiques, industrielle et ddimdgerie médicale.

Financement par Photonis d’un stagiaire et uratitésu CPPM dans le développement

des nouveaux capteurs a photons dans le projet KWI3N

Ce collaboration a terminé en mars 2009 suiteca$aation de fabrication de toutes formes
de photomultiplicateurs par Photonis SA.

Consultant a l'industrie (1987-1991) sur le dévempent des algorithmes pour I'analyse
par ultrasons des mélanges de vapeurs utilisés @C\WWD («Metal Organic Chemical
Vapor Deposition») pour la fabrication des semigiarieurs et dans la pétrochimie.

(8) Rapport détaillé sur I'activité post-doctoraleavec encadrements

(8.1) Laboratoire Rutherford-Appleton, Oxford, GB et CERN : Post-Doc (1982-1985)

Dans une collaboration Anglo-allemande pour le t¥pmement du premier grand détecteur «<RICH
» (Ring Imaging Cherenkov detector : identificatoes particules subatomiques par focalisation en
anneau de I'onde de choc lumineuse par I'effet flahi@v dans un gaz. Responsabilité pour la
réalisation du systeme électronique de lecturesttggaux de simples photoélectrons vus dans le
détecteur.

Encadrement : Direction d’'une équipe de six électroniciens ethteciens en électronique :
développement et évaluation des prototypes, gdaliset mise en marche du systeme final.
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(8.2) Stanford Linear Accelerator Center, Californe, USA:
Post-doc (3/1985 — 6/1990 ; puis physicien pernmert jusqu’en 10/1991)

Dans la Collaboration internationale SLD «SLC LaBgtector» ; une expérience au collisionneur
linéaire électron-positron «SLC» (SLAC Linear Cadr).

Gestion d’'une équipe d’environ 25 étudiants, phgsg appliqués, ingénieurs, mécaniciens et
électroniciens pour le développement et mise ercmeades systemes de réglage et de contrdle du
détecteur SLD «CRID» (Cherenkov Ring Imaging DetddBudget ~ $1.6M.

= systeme de distribution et d’analyse de gaz ahtaese pureté ;

= Développement d’'un analyseur multifonctions de gatemps réel :
sélection entre 60 canaux d’entrée pour controlméiange, de la transparence UV, ppm O
et HLO par machine d’état finie programmée en chip FRGA

= Développement d'une station de purification de Hkotpcathode gazeuse « TMAE »
(tetrakis-dimethylamino-éthylene) pour la convensdes simples photons de rayonnement
Tcherenkov en photoélectrons ;

= Développement d’'un analyseur ultrasonique de mékadg gaz (par vitesse de son) pour le
CRID SLD.

Autres responsabilités :

» Caractérisation de I'amplificateur CRID de faibleuib (1500e- @ RC-CR de 50ns) :
mesures de gain, linéarité, rejet de bruit «ripplé»aux alimentations de bas et de haute
tension dés fonction de fréquence ;

»= Coordination de l'alimentation en haute tensiortaies les sous-systemes du détecteur SLD
. collaboration avec les fabricants pour I'évaloatides prototypes, mise en marche du
systéeme.

»= Dans la collaboration SLD «SLC Large Detectorsxpésience au collisionneur linéaire
électron-positron «SLC» (SLAC Linear Collider).

= Responsable d’'une équipe d’environ 25 étudianggi@res et thésards), physiciens
appligués, ingénieurs, meécaniciens et électrorscipaur le développement et mise en
marche du systeme de réglage et de contrble detdateSLD-CRID (« Cherenkov Ring
Imaging Detector »).

Encadrement
Pendant ce période I'équipe a accueilli 8 stagadtet thésards en temps partiel.
= Stagiaires David Barbat, Glenn Crawford, Michael CulhanesghaDarby,
Craig Galloway, Paul Korff, Michael Marx, Leonid&zhnikov.
» Thésards Jennifer Huber, Young Joon Kwon, Thomas Pduamihiko Suekane.

(8.3) Centre de Physique des Particules de Mars@l{CNRS/IN2P3, UMR6550)
Intégré en octobre 1991 comme ingénieur de recherettlasse 1 en instrumentation

= Collaboration ATLAS-Pixel (depuis octobre 1991)

Collaboration pour la réalisation et mise en servitune expeérience au collisionneur LHC
(« Large Hadron Collider ») au CERN. Co-auteur deptoposition (avril 1992) du groupe
CPPM pour un détecteur a trés haute granularitéelpi50 x 400um), avec lecture en
technologie sous-micron durci contre radiation, rpl@s couches internes du trajectographe
ATLAS.
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Activités

= Co-coordinateur du groupe mécanique pixels ATLASOEL- 1999). Membre des comités
de pilotage du détecteur interne et du détectgixeds ATLAS.

= Corédacteur du TDRs «Technical Design Reports»étiecteur a pixels ATLAS et du
détecteur interne ATLAS. Auteur de 15 notes techesgnternes ATLAS ;

= Concepteur du systeme de refroidissement du déteztgixels par I'évaporation de fluides
fluoro-carbones, adopté pour tout le trajectograpl@um ATLAS (pixels et micropistes) ;

» Coordinateur (basé au CERN septembre 1998 - féx@@t) du développement du systeme
de refroidissement et de réglage automatique @owajectographe silicium ATLAS.
Responsabilité d’un groupe de 8 ingénieurs en mggantechniciens et étudiants chargé de
développer un systeme de refroidissement par l@énadion de octafluoro-butane {&s),
jusqu’au niveau d’'un démonstrateur ;

Encadrement(refroidissement du trajectographe ATLAS)
Pendant ce période le groupe a accueilli 4 stagiat 4 thésards en temps partiel.
Stagiaires: Christophe Bayer, Per Peterssen, Heidi Sandaker
Thésards:Bogdan Gorski, Kare Langedrag, Scott Lindsay, Treiria

Activités Actuelles (novembre 2010)

= Gestion d’'un groupe (11 personnes) qui développestrument ultrasonique (combinaison

débit-metre ultrasonique+ analyseur de mélangemdepour I'étude des mélanges de
hexafluoro-éthane ({Es) avec octafluoro-propane {Es) pour le refroidissement
évaporatif du trajectographe ATLAS ;

Encadrement @éveloppement instrument ultrasoniyjue
Le groupe accueillit 1 stagiaires et 4 tihdsan temps partiel
Stagiaires: Martin Doubek,
Thésards: Alexandre Bitadze, Nicolas Boussaraclav Vins, Michal Vitek

= Développement d’'un systeme de circulation d’'un mgede fluides ¢ etCsFg pour le
refroidissement évaporatif du trajectographe ATLA&Ns I'utilisation de compresseur a
vapeur. (Remplacement du compresseur par un coguleaiga surface et I'exploitation du
colonne gravitationnel de 92m de liquide fluorocaebpour alimenter le trajectograhe
ATLAS en fluide caloporteur Réalisation de deuatptypes (2kW, 15 et 92m d’hauteur,
2010/11), suivi par systeme plein échelle (60kWn%Phauteur) pour 2013.

= Collaboration ANTARES (depuis mars 2001)

Collaboration internationale [France, Allemagnep&me, Pays-Bas, Italie, Russie], pour la
réalisation, mise en service et operation (def@@87), d'un télescope sous-marin a
neutrinos cosmiques situé au large de Toulon pa@r2dde fond. Détection des particules
par enregistrement de I'onde de choc lumineuséegféet Tcherenkov dans I'eau de mer

Activités
= Coordinateur pour la réalisation et mise en serg&éa boite de jonction sous-marine du

détecteur ANTARES : (noyau de connexion électrigiuigbre-optique de I'expérience) qui
associe la mécanique - pour résister la pressi@b@ar — avec différentes technologies ;
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I'électronique pour le pilotage et la surveillan@dectrotechnique pour la distribution de la
puissance et I'optique pour la distribution d'hgeet la récupération des données. La boite
de jonction a été mise a I'eau en 12/2002, et begnen intervention bathyscaphe en
3/2003. Exploitée depuis 46 mois, elle est en comeoation continue avec la station

cotiere ;

Réalisation du systeme de tres haute fiabilité palimentation en énergie du détecteur par
cable électro-optique de longueur 40 km, avec 56ftposants inaccessibles (enfermées
dans la boite de jonction) pendant la durée deei&0 ans du détecteur. Gestion du cable
sous-marin 40km ANTARES dans la MECMA (« Mediteran Cable Maintenence
Agreement » ; mutuelle de 39 operateurs des cablesmarins en mer Méditerranée) ; «
contact-person » MEMCA pour ANTARES,;

Impliqué dans la mise en marche du systeme dewcatrol » pour I'alimentation de
I'expérience depuis la station cétiére ;

Coordinateur pour la réalisation d’'une ligne mégaaiprototype de pleine échelle
ANTARES. L’expérience avec cette ligne a propossataéliorations du cable vertical
électro-optique utilisé depuis avec succes danddag lignes ANTARES opérationnelles
(10/06).

Encadrement

Thesard : Sonia Karkar (temps partiel : caractérisation dest@multiplicateurs)

Projet « KM3NeT » (depuis mars 2004)

Collaboration de 10 pays européennes de pourtude é partir de 01/02/2006) pour la
réalisation et mise en service d'un télescope soaisA a neutrinos cosmiques de trés grand
volume (>1 kn), situé par grand fond en mer Méditerranée.

Activités

Corédacteur du TDR (mai 2010) et du CDR KM3NeT i(£2608)

Membre du comité d’écriture de la proposition ponrprojet d’étude de ce détecteur,
(nommée « KM3NeT »), qui a été soumise a la commmdneuropéenne au sein de 1d"& 6
programme cadre » en mars 2004.

Membre du comité de négociation financiére powaldence de financement du projet

« KM3NeT » pendant ses 3 années de déroulemernte @eposition a demandé un
financement de la part de la C.E. de €10m ; etiéraarré en février 2006 sous un base de
€9m;

Chef du comité de publication et de communicatidn3eT ;

Développement des «hybrid photon detectors » poapisensibles aux simples photons :
(photocathode de grande format hémisphérique, &ogtion de lumiere utilisant des
cristaux scintillantes, avec lecture par photomiittateur ou pixels semi-conducteurs, pour
donner une amélioration en efficacité quantiquepamenariat avec Photonis SA (jusqu’en
mars 2009)

Encadrement

Thesard : Imen Al Samarai (temps partiel : caractérisatios pleotomultiplicateurs
hybrides - thése cofinancée par Photonis SA)
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Séminaires et présentations en conférences

Séminaires

KM3NeT: a cubic kilometre-scale deep-sea teleséopreutrino astronomy in the Mediterranean Sea
Département de Physique et Astronomie, Univerg&t8udstol (GB) le 11 mars 2009

KM3NeT: a cubic kilometre-scale deep-sea telesdopeeutrino astronomy in the Mediterranean Sea
Département de Physique, Université d’Oxford (GB31 octobre 2007

KM3NeT: a cubic kilometre-scale deep-sea teleséopreutrino astronomy in the Mediterranean Sea
Rutherford Appleton Laboratory, Chilton, Didcot,Ejsle 30 octobre 2007

KM3NeT: a cubic kilometre-scale deep-sea teles¢éopreutrino astronomy in the Mediterranean Sea
Département d’Astronomie, Université de Cardiff (G816 février 2006

Fluorocarbon evaporative cooling of the ATLAS silictracker, and the enthalpy transistor
RAL Seminar, Rutherford Appleton Laboratory, févr2901

The ATLAS pixel detector at LHC
Département de Physique, Rutgers University, Negeye USA, juin 1999

The ATLAS pixel detector development
SLAC seminar, Stanford Linear Accelerator Cente8AJmars 1994

The ATLAS pixel detector development
Département de physique, Université de New Mexidouquerque, NM, USA, mars 1994

Development of active pixel detectors for the ATL&Seriment for LHC
Institut Paul Scherrer, Villigen, Suisse, juin 399

Development of active pixel detectors for the ATL&Seriment for LHC
Max-Planck-Institut fur Kernphysik, Heidelberg, &thagne, juin 1993

Development of the SLD CRID
Cornell University Journal Club, Cornell, Ithacagew York, USA (avril 1989)

Development of the SLD CRID
Fermilab Seminar, Fermi National Accelerator Lalbang Batavia, lllinois USA (avril 1989)

Ultrasonic Analysis of Drift Chamber Gases
Département de Physique Université de Californig&&ruz,(USA) mai 1988

Ultrasonic Gas Analysis — a competitor in chromeapy applications?
SRI International, Menlo Park, Californie (USA)jrjuL988

Ultrasonic Gas Analysis in Drift Chamber and Ch&mnCounter Appplications
Lawrence Berkeley Laboratory, Californie (USA) 6088

Ultrasonic Gas Analysis for the SLD CRID detector
Rutherford Appleton Laboratory, GB, juillet 1988

Ultrasonic Gas Analysis for the SLD CRID detector
Département de Physique, Université Brunel, Gaillet 1988

The SLD Cherenkov Ring Imaging Detector
Rutherford Appleton Laboratory, GB, juillet 1988

The SLD Cherenkov Ring Imaging Detector
Royal Holloway College, GB, juillet 1988

The OMEGA Ring Imaging Cherenkov Detector
Brookhaven Seminar, Brookhaven National Laboratbong Island, New York, USA, novembre 1982

The OMEGA Ring Imaging Cherenkov Detector
SLAC Seminar, Stanford Linear Accelerator Centgtanford, Californie, USA, novembre 1982

Development of he OMEGA Ring Imaging Cherenkov DBtie
Physics Department, Université de Liverpool UKnju982
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Présentations orales en conférences

e The use of saturated fluorocarbons in high enptygics, G. Hallewell, CPPM
7" Intl. Workshop on Ring Imaging Cherenkov Count€rassis, France, 3-7 mai 2010

e Data Transfer in the KM3NeT deep sea Neutrino Telps
G. Hallewell, CPPM, pour le consortium KM3NeT
Topical Workshop on Electronics for Particle PhgqitWEPPQ9), Paris 21-25 septembre 2009

* New Developments of Scintillating Crystal-Based HgtSingle Photon Detectors (X-HPDs) for Charged
Particle and Neutrino Detection Applications
G. Hallewell, CPPM, pour le consortium KM3NeT
1% International Conference on Advancements in Nudlestrumentation, Measurement Methods and their
Applications (ANIMMAQ9) Marseille 7-10 juin 2009

» Scintillator-based hybrid photon detector developnfer the KM3NeT (km3-scale) deep sea neutrino
telescope. G. Hallewell, CPPM, pour le consortium3NeT
VLVnTO08; 39 international Workshop on a Very large volume rieottelescope for the Mediterranean Sea,
Toulon, France, 22-24 avril 2008

e Construction and operation of the ANTARES underwagautrino telescope
G. Hallewell, CPPM, pour la collaboration ANTARES:
6th Intl. Workshop on Ring Imaging Cherenkov Cousitérieste, Italie, 15 - 20 octobre. 2007

e Status report on cooling R&D with light fluorocarm: report of the Tracker Upgrade Thermal Managgme
Group: G. Hallewell, CPPM
ATLAS High Luminosity Upgrade Tracker Workshop Lipeol (GB): 6-8 decembre 2006

e Large Underwater Neutrino Detectors: Photon DeteCtwllenges, G. Hallewell, CPPM
LIGHTO06: Large Area Photon Detectors Workshop, KitabEilot, Eilat, Israel, 8-12 janvier 2006

e The status of Cherenkov Detectors in Astrophysicd;lallewell, CPPM (Presentation invite):
5th Intl Workshop on RICH Detectors: (RICH 2004a€un, Mexique, 6-10 decembre, 2004

e« The ANTARES Junction box and deep sea connectibn hu
2" international Workshop on a Very large volume rieat telescope for the Mediterranean Sea, Catane,
Italie, 22-24 novembre 2005

e Le céble et boite de jonction sous-marin du télpecneutrinos ANTARES ; retour d’expérience
Réunion des électroniciens CNRS, Carry-le-Rouet, 2083

e Status of the ANTARES Underwater Neutrino telesc@p®. Hallewell, CPPM
pour la collaboration ANTARES
4th Intl Workshop on RICH Detectors: (RICH 200Ryjos, Grece, 5-10 juin 2002.

« Development of Fluorocarbon Evaporative Cooling @ala for the ATLAS Pixel and
Semiconductor Tracking Detectors: G. Hallewell RGP
6" Workshop on Electronics for LHC Experiments, CagkPologne, septembre 2000

e Fluorocarbon Evaporative Cooling Developments folLAS Pixel and Semiconductor Tracking
Detectors. G. Hallewell, CPPM

5™ Workshop on Electronics for LHC Experiments, Snass) USA, septembre 1999

e The Present Status of Pixel Detector Developmaritiigh Energy Physics Collider Applications.
G. Hallewell, CPPM, Presentation invitee; 2neitnational Symposium on Development and Applicatibn

Semiconductor Tracking Detectors, Hiroshima, Jafi0r]l3 octobre, 1995

« Two Phase Liquid-Gas Cooing for Silicon Pixel Débes. G. Hallewell, CPPM
1% Intl Workshop on Electronics and Detector Coolfid¢ELDEC), Lausanne, Suisse, 4-7 oct. 1994

e Smart High Precision Pixel Detectors for Partidig$ics at High Luminosity. G.D. Hallewell
Presentation invitée"? International Workshop on B-Physics at Hadron Miaes,

(Beauty 94), Le Mont-Saint-Michel, France, 25-29ilat994

e A Simplified Formula for the Analysis of Binary G&®ntaining a Low Concentration
of a Heavy Vapor in a Lighter Carrier. G. Hallelw€@PPM & L. Lynnworth, Panametrics Inc.,

1994 |EEE Ultrasonics Symposium, Cannes, Frarmesmbre 1994
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« Development of Active Pixel Vertex Detectors foigHiLuminosity Particle Physics Applications.
G. Hallewell, CPPM

1994 London Conference on Position Sensiliggectors, Brunel University, GB., octobre 1994

e Long Term, Efficient RICH Detector Operation witMARE. G.D. Hallewell, CPPM
1% Workshop on Ring Imaging Cherenkov Detectors (RB3), Bari, Italie, 2-5 juin 1993.

e Commissioning of the SLD Cherenkov Ring Imagingdatdr G. Hallewell, SLAC
1991 Conference on Frontier Detectors for FrorRigysics , La Biodola, Elba, Italie, juillet 1991

* The Ring Imaging Cherenkov Detector: A Single R&tiTelescope for Particle Identification:
G. Hallewel, SLAC: Invité 37 Scottish Universities Summer School in Physi€attern Recognition and

Image Processing in Physics”, Université de Dunéleasse juillet 1990

*  Monitor and Control Systems for the SLD CherenkavgRmaging Detector. G. Hallewell, SLAC
Intl Conf. on Accelerator and Large Experimentay$ics Control Systems, (ICALEPS89)

Vancouver, Canada, 30 oct - 3 nov 1989.

e Construction and status of the SLD Cherenkov Ringding Detector G. Hallewell, SLAC
1989 Vienna Wire Chamber Conference, Vienne, Ahé&j février 1989

* The Recent Performance of the CERN Omega Ring imja@herenkov Detector.
G.Hallewell, SLAC & RAL, 1985 IEEE Nuclear Scien8gmposium, San Francisco, USA nov. 1985.

* The CERN OMEGA Ring Imaging Cherenkov Detector: Hallewell (RAL)
1984 Intl. Symposium on Cherenkov Detectors ireSoé and Technology, Dubna, URSS, juillet 1984.

e Construction of the OMEGA Ring Imaging Cherenkowéxtor, G. Hallewell, RAL
UK Institute of Physics Meeting on Nuclear and R&tPhysics, Liverpool University, juillet 1983

*  ARing Image Cherenkov Detector for the CERN Om@pactrometer. G. Hallewell (RAL)
1982 IEEE Nuclear Science Symposium, WashinBten

« Barrelet Zeros Analysis of the reactintip 2 Kt % between 1.27 & 2.50 GeVi/c.
G. Hallewell, Westfield College Univ. London
UK Institute of Physics Meeting on Nuclear and R&tPhysics, Oxford University, juillet 1981
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Publications les plus pertinents au mémoire HDR» 1/2011

239) Editorial: 7 International workshop on Ring Imaging Cherenkateators,
Proceedings'? International workshop on Ring Imaging Cherenka@tdtors, Cassis, France, May 3-7, 2010.
To be published in Nucl. Instrum. Meth. A.

238) Aspects of the use of saturated fluorocarhadd in high energy physics.G. Hallewell.
Proc. 7 Intl workshop on Ring Imaging Cherenkov Detect@assis, France, May 3-7, 2010.
To be published in Nucl. Instrum. Meth. A.

237) Properties of saturated fluorocarbons: Expentiad data and modelling using perturbed-chain SAFT
G. Hallewell, V. Vacek & V. Vins  Fluid Phase Equilibria 292, 64 , 2010

236) Novel and Simple sonar gas analyzers G. HalleWw. Vacek & M. Doubek
Proc. 8 Asian Thermophysical Properties Conference CG&22, 2010
(Published by University of Science and TechgglBeijing), Beijing, China, , Paper No: 10-92-8p.

234) Rich Pickings in Cassis, G. Hallewell, D. Ho#inn & E. Nappi: CERN Courrier, Oct 2010.
http://cerncourier.com/cws/article/cern/43812

219) The evaporative cooling system for the ATLABEr detector.D Attree et al. (95 co-authgrs
JINST 3:P07003,2008.
208) The status of Cherenkov Detectors in Astrojasy$s. Hallewell
Invited presention at 5th Workshop on RICH Detext¢RICH 2004), Cancun, Mexico, Dec 6-10, 2004
Nucl. Instr. & Meth A553: 24255 (2005)

181) Development of a Detector Control System lier ATLAS pixel Detector

S. Kersten et al; Proc 8th International @oeice on Accelerator and Large Experimental Physic
Control Systems (ICALEPS2001) November 27-30,1288n Jose, California USA pp 445-447

177) Interim Report on a Sonar Gas Analyser forestiaesia Based on the "Spirocell" Ultrasonic Floteme
Results of Tests at Hopital Cantonal de Geneveg, &40 2001.
G Hallewell (CPPM), S. Lindsay (U. Melbournb), Streit-Bianchi (CERN/ETT)
Rapport Interne Division ETT, CERN, Genéve, Noveni®001

176) Studies for a Detector Control System forAfi¢ AS pixel Detector: C. Bayer et al;
Proc 7th workshop on Electronics for LHC Experitsetyppsala, Sweden, Sept 2001, pp 396-400

175) Development of Fluorocarbon Evaporative CapRecirculators and Controls for the ATLAS
Inner Silicon Tracker C. Bayer et al (15 co-aush@rincipal author: G. Hallewell)
Proc. IEEE Nuclear Science/Medical Imaging Sympmsiuyon, France, October 2000

174) Development of Fluorocarbon Evaporative Capliontrols for the ATLAS Pixel and
Semiconductor Tracking Detectors C. Bayer et algd-authors; principal author: G. Hallewell)
Proc 6" Workshop on Electronics for LHC Experiments, CagkPoland, September 2000
CERN 2000-101 CERN/LHCC/2000-041, 25 Oct 2000

173) Velocity of Sound Measurements in Gaseoudiperecarbons and their Mixtures
G. Hallewell, S. Lindsay and V. Vacekluid Phase Equilibria, 185 (2001) 305-314

167) Perfluorocarbons and their use in Cooling &ystfor Semiconductor Particle Detectors
V. Vacek et al (3 co-authorgjiuid Phase Equilibria 174 (2000) 191-201

163) Fluorocarbon Evaporative Cooling DevelopmdéotATLAS Pixel and Semiconductor Tracking
Detectors. E. Anderssen et al (27 co-authors): ATLAS INDET-NOTE 99-016, Oct 29,1999
Paper Presented (by G.H.) &\&orkshop on Electronics for LHC Experiments, Snags) USA
Proc 8" Workshop on Electronics for LHC Experiments CERN®/LHCC99-33 Oct 30,1999 pp 421-426

160) A Low Cost I/O Concentrator Using the Can driBus B. Hallgren et al (13 co-authors):
Proc. International Conference on Accelerator aajé Experimental Physics Control Systems,
Trieste, Italy, Oct 4-8, 1999 pp199-201 CERN-EP-99-159, Oct 1999

154) Evaporative Fluorocarbon Cooling for the ATLR&el Detectors
G. Hallewell FERMILAB-CONF-98-196L, 1998
Presented (by G.H.) at International Pixel Dete@ttmrkshop (PIXEL98), Batavia, IL 7-9 May 1998
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150) ATLAS Pixel Detector Technical Design Report CERN/LHCC/98-13 ATLAS TDR 11, 31 May 1998
Co-Editors: G. Hallewell (CPPM), N. Wermes, Bddniversity

148) The Performance of the Barrel CRID at the SLéng Term Operational Experience.
SLD CRID Collaboration: K. Abe et al. (49 co-autlp ~ SLAC-PUB-7705, Nov 1997
Proc. IEEE Nuclear Science Symposium Albuquergi, 815 Nov 1997.

146) ATLAS Inner Detector Technical Design Repor€ERN/LHCC/97-16 ATLAS TDR , 30 April 1997
Co-Editors of ATLAS Pixel Detector Chapter: M.&hiriese, (LBNL), G. Hallewell (CPPM)

141) Obtaining Physics Results from the SLD CRID
K. Abe et al (67 co-authors) Nucl.Instrum.Meth.A371:195-199, 1996

140) Operational Status and Performance of the SRID
K. Abe et al (67 co-authors): Nucl.Instrum.Meth.A371:8-11, 1996

Proc 1995 International Europhysics Conf. on Higleligy Physics

106) The Endcap Cherenkov Ring Imaging Detect&Ld.
K. Abe et al, (68 co-authors); IEEE Trans.Nucl.Sci.42:518-523, 1995

103) Two Phase Liquid-Gas Cooing for Silicon PiRetectors. D. Labat, A Fallou and G. Hallewell
Presented at First International Workshop on Eedts and Detector Cooling (WELDEC),
Lausanne, October 4-7 1994: AI&DLAS Internal Note INDET NO-065 (October 7, 1994)

102) ATLAS Technical Proposal for a General Purgmsé&xperiment at the Large Hadron Collider at GER
CERN/LHCC/94-43 LHCC/P2 15 December 1994
99) A Simplified Formula for the Analysis of BinaGas Containing a Low Concentration
of a Heavy Vapor in a Lighter Carrier. G. Hallelaatd L. Lynnworth
Presented at 1994 IEEE Ultrasonics Symposium, Garrance November 1994
Proc 1994 IEEE Trans Ultrasonics Symposium Vol 3 #311, 1994

75) Results from the SLD Barrel CRID Detector.

K. Abe et al (65 co-authors): IEEE Trans.Nucl.Sci.41:862-865, 1994
73) Long Term, Efficient RICH Detector Operatiorttvilf MAE.
G.D. Hallewell: Nucl.Instrum.Meth.A343:250-257, 1994

Presented paper at 1st Workshop on Ring Imagireggekov Detectors (RICH 93), Bari, Italy, 2-5 J1@93.

72) Performance of the CRID at SLD. K. Abe et €o-authors):
Proc. DPF meeting, Batavia, IL, Nov 10-17, 1992\ucl.Instrum.Meth.A343, 1994

59) Performance of the SLD Barrel CRID during t882 Physics Data Run.

K. Abe et al (72 co-authors): IEEE Trans.Nucl.Sci.40:589-592, 1993
58) The Fluid Systems for the SLD Cherenkov Ringdimg Detector.
K. Abe et al (72 co-authors): IEEE Trans.Nucl.Sci.40:593, 1993
54) The First Results from the CRID Detector at SLD
J. Vavra et al, (64 co-authors). SLAC-PUB-5945, Oct 1992.

Proc. 26th Intl Conference on High Energy Phydixa|as, TX, Aug 6-12, 1992.

46) Performance of the Frontend Electronics and Baguisition System for the SLD Cherenkov
Ring Imaging Detector. K. Abe et al (62 co-authors IEEE Trans.Nucl.Sci.39:897-900, 1992

44) Progress and Commissioning of the SLD Cheremtag Imaging Detector.
K. Abe et al (58 co-authors), SLAC-PUB-5642
Proc. 1991 Vancouver DPF Conference on Particldiatds '91, vol. 2 pp 1139-1141

43) The Ring Imaging Cherenkov Detector: A Singietiele Telescope for Particle Identification:
G. Hallewell Invited Paper at 37th Scottish Umgéiges Summer School in Physics
“Pattern Recognition and Image Processing in Peydid: R. Vaughan (NATO Advanced Studies Series)
University of Dundee, Scotlanduly/August 1990; Published in Procedings, p2&&am Hilger, 1991,
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41) Component and System Tests of the SLD ChereRkay Imaging Detector.

P. Antilogus et al (57 co-authors): IEEE Trans.Nucl.Sci.38: 417, 1991
40) Cherenkov Ring Imaging Detector Frontend Etetts.
P. Antilogus et al (52 co-authors): IEEE Trans.Nucl.Sci.38:408-416, 1991

38) Production of 400 Mirrors with High VUV Refléeity for use in the SLD Cherenkov Ring Imaging Betor.
SLD-CRID Collaboration K. Abe et al (52 co-autipr ~ Nucl.Instrum.Meth.A300:501-510, 1991

36) Electrostatic Design of the Barrel CRID and dsated Measurements.
SLD-CRID Collaboration K. Abe et al. (50 co-auto SLAC-PUB-5214, Apr 1990
Proc. Int. Conf. on Instrumentation for CollidiBgam Physics, Novosibirsk USSR, Mar 15-21, 1990.

34) Construction and Testing of the SLD CherenkongRmaging Detector.
M. Cavalli-Sforza et al (51 co-authors): IEEE Trans.Nucl.Sci.37:1132-1141, 1990

33) Monitor and Control Systems for the SLD ChemnRing Imaging Detector. P. Antilogus et al (%¢ ¢
authors): Presented (by G.H.) at Acceleratamtfod: Int Conf. on Accelerator and Large Expena
Physics Control Systems, Vancouver, Canada, Oef\Bfy 3, 1989. Nucl.Instrum.Meth.A293:136-144, 1990

32) Development and Construction of the SLD CheogriRing Imaging Detector.
D. Aston et al (44 co-authors), Presented@hy.) at Int. Wire Chamber Conf.,Vienna,
Austria, Feb 13-17, 1989. Nucl.Instrum.Meth.A283:582-589, 1989

31) Development of CRID Single Electron Wire Detect
D. Aston et al (44 co-authors): Nucl.Instrum.Meth.A283:590-595, 1989

29) A Sound Method for Measuring Gas ConcentratinB. Hallewell (SLAC).
SLAC-PUB-4759, Sep 1988. Printed in Research & Development, Cahners,1988.

28) A Status Report on the SLD Data Acquisitiont8ys
SLD Collaboration: M. Breidenbach et al. (255 etkars): IEEE Trans.Nucl.Sci.36:23-28, 1989

27) Progress Report on Cherenkov Ring Imaging Detdaevelopment.

D. Aston et al (42 co-authors): IEEE Trans.Nucl.Sci.36:276-282, 1989
25) Lorentz Angle Studies for the SLD Endcap ChkogrRing Imaging Detector.
P.A. Coyle et al (35 co-authors): Nucl.Instrum.Meth.A273:858,1988

24) "Ultrasonic Analysis of Binary Gas Mixtures™ allewell:
ICFA Instrumentation Bulletin No. 4 p26 (March 1988
International Committee for Future Accelerat@r&niversity of Siegen, Germany

23) Progress Report on the SLD Cherenkov Ring Intafietector System. G.D. Hallewell et al (34 cahaus),
Presented (by G.H.) at 1987 Nuclear Science Sy&am Francisco, CA, Oct 21-23, 1987.
IEEE Trans.Nucl.Sci.35:398-403, 1988

22) Development of a Low Noise Preamplifier for thetection and Position Determination of Singleciiens
in a Cherenkov Ring Imaging Detector by Chargedion.
E. Spencer et al (20 co-authors): IEEE Trans.Nucl.Sci.35:231-236, 1988

21) Construction and Initial Operation of a Projmoral Wire Detector for use in a Cherenkov Ring djing
System. J. Vavra et al (22 co-argho IEEE Trans.Nucl.Sci.35:487-492, 1988

20) "Solving Process Control Problems: Ultrasonialsis of Binary Gas Mixtures™
Contributed Article (by G.H.) to "Technology 87U.S. Department of Energy R&D Technology Transfer
Program Annual Report DOE/ER-0355, p 35 (Jan 1988

19) The Omega Spectrometer Ring Imaging Cherenlateddor. Recent Detector Modifications and Event
Analysis. R.J. Apsimon et al: (19 co-authors IEEE Trans.Nucl.Sci.34:504-510, 1987

18) A Sonar-Based Technique for the RatiometriceDrination of Binary Gas Mixtures.
G.D. Hallewell et al (4 co-authors): Nucl.Instrum.Meth.A264:219, 1988
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17) The SLD Cherenkov Ring Imaging Detectors.
R. Johnson et al (32 co-authors), Proc. 19&3sala Conference High Energy Physics, Vol. 112p-123.

16) Progress Report on the SLD Cherenkov Ring IntaBietector.
V. Ashford et al (29 co-authors): IEEE Trans.Nucl.Sci.34:499, 1987

15) Recent Progress in Cherenkov Ring ImagingHerSLD Experiment.
V. Ashford et al (27 co-authors): SLAC-PUB-4064, August 1986
Presented at 23rd Int. Conf. on High Energy Phy&leskeley, CA, Jul 16-23, 1986.
Published in Proc. Berkeley High Energy Phys.1986t70

14) Development of the Cherenkov Ring Imaging Detefor the SLD.
V. Ashford et al (23 co-authors): IEEE Trans.Nucl.Sci.33:113-121, 1986

13) The Recent Performance of the CERN Omega Riaging Cherenkov Detector.
R.J. Apsimon et al: (16 co-authors):
Presented (by G.H.) at 1985 IEEE Nuclear Sci&ywmaposium, San Francisco, CA.
IEEE Trans.Nucl.Sci.33:122-131, 1986

12) The Design of the Optical Components and GagrGoSystems of the
CERN Omega Ring Imaging Cherenkov Detector.
R.J. Apsimon et al, (17 co-authors): Nucl.Instrum.Meth.A241:339, 1985

11) A Ring Imaging Cherenkov Detector for the CERMega Spectrometer.
R.J. Apsimon et al (17 co-authors): IEEE Trans.Nucl.Sci.32:674, 1985

10) The CERN OMEGA Ring Imaging Cherenkov DetectBrJ. Apsimon et al (17co-authors):
Contributed Paper (by G.H.) to 1984 Intemadi Symposium on Cherenkov Detectors and thes imse
Science and Technology, Dubna, USSR, July 1984. Nucl.Instrum.Meth.A248:76-85, 1986

9) The Omega Ring Imaging Cherenkov Detector Rea8gstem User's Guide.
G. Hallewell (CERN & Rutherford Appleton Laboratpry RAL-85-009, Nov 1984. 90pp.

6) A Ring Image Cherenkov Detector for the CERN @a8pectrometer. M. Davenport et al: (17 co-au)hors
Presented (by G.H.) at 1982 IEEE Nuclear Sci&waposium, Washington DC.
IEEE Trans.Nucl.Sci.30:35, 1983

4) SLD: LETTER OF INTENT. (D. Axen et al.). SLAC-PROPOSAL-SLC-09, 1982
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