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• How is ultrasonics used in gas analysis?
- Simultaneous flowmetry & gas analysis in the same instrument 

• Beginnings of use in particle physics for Cerenkov
refractomery (Ring Imaging Cherenkov detectors)
at SLAC (SLD CRID at the SLAC linear collider)

• Use in the context of evaporative cooling of the ATLAS 
inner silicon tracker (pixels, SCT IBL)

• Other uses and expanding the application in  particle
physics..?
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How is ultrasonics used in gas analysis?

• Exploits the phenomenon whereby the sound velocity in a 

gas depends (to 1st order) on (molecuar weight)-0.5

where

- Of course, life isn’t quite as simple as this… 

…(Cp & Cv also depend on the abs. temp. T & pressure) 

but - as the next slide shows - the relation is broadly true.
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Vs a MW-1/2

But also Vs a (Cp/Cv)1/2

Cp/Cv can have a complicated
parameterization for non-ideal gases:
as chain lengths increase (Cp/Cv  1)

All the non ideality comes from variation
of Cp, Cv with temp.,  press. & Mol. Wt.: 

manifested as slope variatons from ^-1/2



Calculating sound velocity in binary mixes
• When (one or both) gases are far from ideality more complex

equations of state  are needed: 

I.G.E. 
Van der Waals

Benedict-Webb-Rubin 
PC-SAFT*

*’’Perturbative chain statistical associating fluid theory’’ … 
- basically a Monte Carlo using molecular chain structures etc… 

• Also need mixing rules for the two gases (can be worse problem:)

• A more pragmatic approach is to use an equation of state adapted
to the two single gas components and to calculate their Cvi C pi (the 
hard part) and then find c through:

• NIST REFPOP v. 23 USEFUL FOR THIS   
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• Sound velocity in a binary gas mixture of components i=1,2  of 
molecular weights m1, m2 & molar concentrations w1, w2 :

- where

- and the molar mass of the mixture is given by:

- so we end up with…
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Mixture calculating algorithm (1)
Continuous real-time measurement of  transit timeup, down, T, P
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Pre-stored database of sound velocity vs. molar conc. 
of gas A in gas B  over a range of P, T; 

(set up from prior  measurements and/or theory)

Mixture concentration uncertainty dw = 

sound velocity error dc /local gradient m (ms-1.%-1)
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principle of operation

Measurements in opposite 
directions relative to gas flow 

simultaneous gas analysis and 
flowmetry

Above threshold received
sound pulses stop fast

(40MHz) transit time clock
to find tup, t down
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Examples of instrument geometries (1)

“Pinched Axial” : 
acoustic path parallel to & 

fully contained in flowing gas 

“Angled crossing”
(very high flows):  acoustic path at angle to 

& not fully contained in flowing gas 
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Examples of instrument geometries (2)

“p Geometry” : 
acoustic path parallel to & 

not fully contained in flowing gas 

“Reflex Geometry” : acoustic path
not fully contained in flowing gas

acoustic mirrors 
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Examples of instrument geometries (3)

Static: behind the mirror tray
in the gaseous radiator of a 
Ring Imaging Cherenkov Detectpr
(SLAC-SLD CRID)

Static: degassing sonar on the
condenser of the ATLAS Silicon
tracker thermosiphon C3F8

evaporative cooling recirculator
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The ultrasonic transducer (d ~ 37mm)
Originally developed by Polaroid in the 1970’s  for autofocus cameras:

Now marketed by as Senscomp model 6000: http://www.senscomp.com/products/  

• Capacitative operation at 50 kHz caracteristic frequency: 
• HV (80350V) applied to grooved disc;
• gold coated side of mylar membrane at ground potential;
• much faster response time in gases than piezoelectric types
• high & low pressure operation possible: gas can access both sides of membrane
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Beginnings in particle physics:

SLD experiment at SLAC
e+e- linear collider (1990s):

(Similar performance to DELPHI at LEP)

Ring Imaging Cherenkov detector (CRID) 
divided into long drift barrel (> 1m):

(gas & liquid radiators) & shorter drift (~40cm) endcaps
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(C5F12/N2)

Gas Radiator

(C4F10)

SLD Barrel CRID C5F12/N2 gas radiator + C6F16liq: endcap C4F10 gas 

Barrel : 1 cm liq.  C6F14  & 50 cm of 90%C5F12/10%N2: 
b=1 radii 17 & 2.8 cm :  

p/K/p (e/p) separation to 30 (6) GeV/c. 
End cap: only C4F10 gas radiator: 

p threshold 2.5 GeV/c , p/K/p separation to ~30 GeV/c.
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The utility of sonars in the SLD CRID gas radiator

Sonar transducer
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L ~ 50 cm

SLD CRID combined ultrasonic 

mixture analyzer / flowmeter tube
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SLD CRID Sonars :  early (pre-run) hydrostatic discoveries

Led to reheighting of input + exhaust tubes

South Supply:
(4*1½” tubes @ 2 heights)

North Exhaust:
(6*1½” tubes @ 2 heights)

N2 N2

N2 N2

N2 N2
70%C5F12

+30%N2

70%C5F12

+30%N2

A%C5F12

+B%N2

X%C5F12

+Y%N2

(1) Replacement of N2 by 70%N2+30%C5F12Start: 11:32 
17/08/1991

18:48 
17/08/1991

21:00 
20/08/1991

Not operating
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Sonars in the SLD CRID:  hydrostatic discoveries!!

South Supply:
(4*1½” tubes @ 2 heights)

North Exhaust:
(6*1½” tubes @ 2 heights)

50%C5F12

+50%N2

50%C5F12

+50%N2

50%C5F12

+50%N2

50%C5F12

+50%N2

50%C5F12   

+50%N2

50%C5F12

+50%N2

N2

N2

A%C5F12

+B%N2

X%C5F12

+Y%N2

(2) Replacement of 50%N2+50%C5F12 by N2

Took 2 weeks to get C5F12 out of bottom of vessel:
Piping disposition later changed to better exploit hydrostatics
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Interesting… but what’s the prize?

• To get from measured speed of sound to the speed of light in the radiator 
– i.e. refractivity (n-1)  thence g threshold
that can be varying in real time, 

especially with a dynamically-mixed C5F12/N2 blend 

Via… Measured sound transit time over known distance at known T, P: 

Mixture ratio (mole fractions Mvap1, Mvap2 ) from SOS/conc. look up table,
based on measurements or theoretical predictions 

(in SLD, mainly calibration measurements…)

Refractivity related to mole fraction via Lorentz-Lorenz considerations:

(n-1)rad = (n-1)vap1*Mvap1+(n-1) vap2*Mvap2
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SLD barrel CRID: Cherenkov threshold in C5F12/N2 vs measured  sound velocity

G. Hallewell: CPPM Habilitation à Diriger des Recherches – February 15, 2011

Precision of Cherenkov threshold determinations 
depends on sound velocity measurement uncertainty:
(typically ± 0.05 m.s-1 in this instrument);
and slope of Cherenkov threshold vs. SoS curve

Example: for radiator blend of 90% C5F12/10% N2

Slope of Kth. vs. SoS curve ~ 60 MeV/m.s-1

d(SoS) = ± 0.05 m.s-1 
 dKth ± 3 MeV



●Sonar
□ Inclusive Angles

●Sonar
□ Inclusive Angles
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hardwired 4-20mA link to
mass flow controllers

0,2 mrad rms
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Note: before and after
blend stabilization sonar
interpreted b=1 radius

agreed well with
reconstructed radii!!



Almost all* the 
silicon tracker

cooled by 
evaporation of C3F8

(octafluoro-
propane: R218) 

*SCT microstrip tracker + 
pixel detector 

Since late 2014: innermost IBL 
barrel pixel layer 

(“Insertable B Layer’’) with CO2

Use of sonar in the ATLAS experiment :
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ATLAS IDE_Sonar Group (April 2015) 
started 12/2009
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ATLAS ‘Semi-Conductor Tracker’ (SCT) 
silicon microstrip tracker surrounding pixel detector

SCT + pixels: 204 C3F8 evaporative cooling circuits 
60kW total power to evacuate (1.2 kgs-1 C3F8)
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ATLAS- Pixel Detector Structure

~50 Horizontal stave cooling channels (l ~ 1,60m)
18 “vertical” channels: disk sectors
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Principal Mechanical Components:
204 parallel C3F8 evaporative cooling channels in SCT & pixel detectors

High Pressure: 
17 bar

“Low” Evaporation
Pressure: 

1.7  1 bar

Intermediate 
Pressure: 
~13 bar



“As designed” Thermodynamic Cycle : evaporation of C3F8

Non pre-cooled liquid supply tubes 

High compressor & condenser pressures

Compression

Animation: JCB Digger = fluid; heat in vapour form = earth...

On-detector
evaporation

Condensation at 17 bar
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ATLAS SCT, Pixels & IBL in separate N2-purged environmental volumes

ATLAS SCT, Pixels 
& IBL volumes

continuously aspirated 
through 150m tubes 

into 3 sonar devices to
monitor for coolant 

leaks 
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ATLAS SCT, Pixels & IBL environmental volume sampling system



Implementation: Gas stream selection valves (wall & rack), + sonar tubes)

SCT 
quadIBL Pix

F
SCT 
EC A

B
IBL

D
SCT 

barrel A

G
SCT 

barrel C

A
Pixel

E
SCT 
EC C
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Sonar tubes built for ease of transducer replacement

2 x NTC thermistors
in each end-flange

Concentric water jacket
for optional temperature

stabilization
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Microchip MCP6S26

+300V

PULSE

SIGNAL
MUX
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Recent front end electronics for biasing, pulse 
injection and received signal amplification

Pulse transmission transistor

Preamplifier: image signal on floating Ground can of 
transducer is used to avoid HV decoupling capacitor 
(allows  echometry* over short distances without 
having to wait for capacitor charge/discharge to bias V)
* Useful for flowmeter acoustic path calibration
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Electronics card oganisation and Modbus TCP/IP 
communication 

Uses DSpiC
m-conroller



Pixel sonar tube

IBL sonar tube

Vacuum 

pump driver

Selection 

valve driver

RS232

Ethernet

Ethernet 

(ATLAS DCS 

network)

ATLAS 

DCS 

Database

RS232

SCT sonar tube

Readout electronics

TS degassing

Readout electronics

TS return vapour flow

Thermosiphon

hard-wired 

control system 

(industrial PLC)

Readout electronics

4 - 20mA

Ethernet 

(ATLAS DCS 

network)

Central leak detection rack
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Sonar in the ATLAS DCS framework

ATLIDEEVCOOL 
 cooling plant
 SCT & Pixel cooling

ATLIDEEVENV
 ID environment 
monitoring

ATLIDETEH
 thermal enclosure 
heater pads

ATLIDEMAG
magnetic field 
monitoring

ATLIDERAD
 radiation monitoring
ATLIDEBLM
• beam conditions

ATLAS network

IDE LCS: 
 overall FSM
 beam monitoring
 IDE racks monitoring
 safety scripts

ATLIDEBCM
 beam conditions
 luminosity

ATLIDESNR
- degassing
- leak check
- mass flowmeter
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Example of GUI panel in Siemens Simatec WINcc on Linux
SCADA computer: Dell Poweredge R610 on ATLAS ATCN network

Sonar communication by MODBUS/TCP/IP over ethernet
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Future sonar integration into ATLAS alarm hierarchy
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Future sonar integration into ATLAS alarm hierarchy
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Results from the aspirating sonars

Long duration (18 month) study of the C3F8 leak rate to the pixel envelope (ended 
Feb 20 2013 - start of LHC shut down) 

Study leak rate during turn on + turn off of pixel detector to identify leaking channels 

With 2nd sonar tube: 3 week analysis of SCT barrel C3F8 leak rate (ended 
Feb 20 2013 - start of LHC shut down) 

With new MODBUS electronics, new tube:  data writing into ATLAS DCS database:
SCT barrel and end-cap envelopes C3F8 content since LHC startup on April 5, 2015 
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Long duration (18 month) study of C3F8 leak rate into Pixel detector envelope 
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Correlation of leaks with particular cooling circuits in the pixel detector during 
detector cooling startup (January 2012)
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C3F8 leak rate into pixel & SCT barrel envelopes during shutdown (20/2/2013)
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C3F8 / N2 SoS vs. molar conc. look up tables

• Powerful software packages available, 
including NIST-REFPROP   

(Modified Benedict-Webb-Rubin equation of state), 
but doesn’t have mixing rules for saturated (CnF (2n+2)) fluorocarbons 
with N2, so can’t calculate thermophyiscal properties

(inc. Cp, Cv, speed of sound etc.)  for these mixtures;

• PC-SAFT can calculate thermophyiscal properties Cp, Cv,
speed of sound, but is slow;

• More pragmatic approach: calculate Cp, C v independently 
for the two components  over a range of T, P using NIST-REFPROP, 
then combine to get SoS via:

CAN BE DONE ON-LINE IN WINCC!!
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Source data for C3F8/N2 Analysis
Cp, Cv in the two components
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Sound velocity 
calculaton for

C3F8/N2 mixtures
from Cp, Cv in the 
two components:

Pressure dependence is 
negligible as aspirating 

sonars operate near
atmospheric pressure
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Sound velocity 
calculaton for

CO2/N2 mixtures
from Cp, Cv in the 
two components:

Pressure dependence is 
negligible as aspirating 

sonars operate near
atmospheric pressure
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Precision of C3F8/N2 & CO2/N2 look up tables

Precision of mixture determination df, depends on precision 
measurement of sound velocity, dc, & molecular weight 
difference between the two components.

Contributions to the present overall dc =  ± 0.025 m.s-1 : 
± 0.1 ⁰C Temperature precision in tube (equiv. ± 0.022 m.s-1);
± 1 mbar Pressure precision in the tube (equiv. ± 0.003 m.s-1);
± 0.1 mm transducer inter-foil measurement uncertainty (equiv. ±0.011 m.s-1);
± 25 ns electronic transit time uncertainty (equiv. ± 0.0005 m.s-1). 

Mixture precision, df, at any conc. of the 2 components given by: 

df = dc /m

where m (m.s-1.[%C3F8]-1) is local slope of SoS/conc. curve.

C3F8 (0-0.1%) /N2: m = -12.55 m.s-1.[%C3F8]-1 df = ± 2.  10-5

CO2 (0-0.1%) /N2: m = -1.12m.s-1.[%C3F8]-1 df = ± 0.02% 
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The thermosiphon and other sonars
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Reminder: “As designed” C3F8 compressor circulation system.
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Consequence of C3F8 liquid tubing without insulation :
very high compressor output pressure

 frequent breakdowns + heavy, expensive maintenence

60kW chaleur à évacuer  1.2 kgs-1 C3F8

Compression ratio >  20 
(~ Diesel engine) 

– … but compressors must be ‘oil-free’ 
(degradation of lubricants by radiation)
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Solution: a system with no moving
parts in the primary cooling loop
(apart from the circulating fluid…)

Boundary condition:

Use existing (inaccessible, unchangeable, invariant….) 
on-detector and through-magnet liquid delivery and vapour exhaust tubing

Implications:

Get the liquid supply pressure required to drive through the capillaries another 
way (other than compressors)  Gravity over 92 m pit depth…(“dive drive”)

But… have to send the vapour back upstairs to a condenser, which has to be 
Lowest pressure part of the system (potential air collector)
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Compressors kept as 
backup solution

EXTERNAL PARTINTERNAL PART

Actual compressor-driven 
evaporative cooling system

Gravity-driven thermosiphon
evaporative cooling system

92m pit depth at ATLAS   > 13 bar (rgh) 

hydrostatic pressure liquid C3F8 or C3F8/C2F6

 But  rgh from 92m  of C3F8 ou C3F8/C2F6 vapour is only ~70mbar …
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Condensation @-60ºC

Evaporation @-25ºC

Thermodynamic cycle of the thermosiphon with C3F8

Animation: JCB Digger = fluid; heat in vapour form = earth...
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Thermosiphon: Reversal on Pressure-Enthaply Diagram!

12/10/2010 60kW Thermosyphon 6

A
B

C

DE

F G H I

J
K

L
M N O

PI‘
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Thermosiphon: Surface installations at ATLAS Point 1

Cold Plant -70°C

Condenser on  platform :

H =15m + (77 m pit)
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Thermosiphon: main components

Brine and Chiller circuit: Ground level

Connection to existing system: 90m underground Water circuit:  90m underground 
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TS Condenser: 15m above ground level



The Thermosiphon sonars
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Degassing Sonar detects air ingress 
into condenser 

(Condenser operates at -60 C, 
300mar abs pressure)

Sonar flowmeter measures
return vapour flow 
(1.2 kg/s: 0.4 m3/s) 

to condenser 
Can also measure 

C2F6/C3F8

blends to ±0.3%



Thermosiphon Condenser Degassing sonar
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Degassing sonar: doesn’t need to make high precision
C3F8/air measurements 

(~ 1% probably OK… though can do much better)
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Degassing sonar: collects air in upper reservoir: when sound velocity 
indicates air conc. > few %, isolated from condenser & vents air to vacuum 

(forms part of thermosiphon hard-wired control system: CERN UNICOS)

Condenser
Vapour volume

A

4-20mA signal

a sound 
transit time

Alarm: 
no vac. 

NO

YES

NO

YES
Air > ?%

P <1mbar?

Delay for 
evacuation

/A./B./C
B./A./C

/A./B./C

B./A./C
 A./B./C

Measure air 
concen. from 

sound 
velocity

A./B./C 
 B./A./C
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DMAIN = 135 mm

LEA

LEB

LTA

LTB

45⁰

LT

Gas Port

Thermosiphon High flow vapour flowmeter
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Thermosiphon High flow vapour flowmeter

G.H./Particle Physics Seminar, Cambridge University, April 14th 2015

Fabricated in CERN Atelier Central following
Extensive series of CFD studies



CFD simulations made with OpenFoam® (Gennaro Bozza) 
C3F8 flows  to 1.2 kgs-1: (0.4 m3s-1, 22 m-1 : Mach 0.2); 45⁰ crossing angle adopted 

Turbulence study in impinging & non-impinging transducer placements
Create minimal turbulence in main flow & only closed turbines in side tubes
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(a) (b)(c)



G.H./Particle Physics Seminar, Cambridge University, April 14th 2015

PVC Drain Pipe Prototype: Venturi boost for high air flow
Ball valves permit transducer replacement without

interrupting main flow:
(Built into final stainless steel instrument)
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Developed completely new algebra (not used in any industrial flowmeter) 

relating flow to measurable Tup, Tdown, & lengths of static gas in the acoustic path
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UFM Flow precision:
2% rms of full scale



So why is this new (arcane?) algebra important?
(Sound velocity applies over the whole acoustic path,  but transit time 

differences in opposite directions only apply over the part of the path with flowing gas.)

Because it is NOT used in industrial flowmeters and (worse) not used in medical 
anesthesia flowmeters like this one (Gill Spirocell):

When the anesthesia mix changes, errors due to uncorrected sound velocity
in the static zones of the acoustic path correspondingly increase:

Gill ‘Spirocell’ UFM
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Related algebra for non-angled (p - or reflex FM geometry)

L’ L’L
G.H./Particle Physics Seminar, Cambridge University, April 14th 2015

𝑐 = 𝑇𝑢+𝑇𝑑 2𝐿′+𝐿 ± 𝑇𝑢+𝑇𝑑 2−16×𝑇𝑑×𝑇𝑢×𝐿′ 𝐿+𝐿′

4 𝑇𝑑×𝑇𝑢

𝑉 =
𝑐 ∗ (𝑇𝑢 × 𝑐 − 𝐿 − 𝐿′)

𝑇𝑢 × 𝑐 − 𝐿′

V =
𝑐∗(𝐿+𝐿′−𝑇𝑑×𝑐)

𝑇𝑑×𝑐−𝐿′



Final instrument installed ~90m underground
Fluorocarbon flow soon during cadenced 

thermosiphon commissioning…

WHAT ELSE MIGHT IT 
NEED TO DO..?
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 Excessive pressure drop in exhaust tubing of SCT barrel 
bi-staves (in heat exchangers following bi-staves) 

Another known problem with the 
present evaporative cooling system tubing

G.H./Particle Physics Seminar, Cambridge University, April 14th 2015

- doesn’t allow sufficiently cold Si module temperatures 
with C3F8 for operation at ∫LdT of 1000 fb-1(or 629 fb-1) 
foreseen in TDR (more recent)* estimates…



Need factor 2 against leakage current - induced thermal 
runaway when SCT modules may be dissipating 10.5W:

After 629 fb-1 this requires -15⁰ C evaporation temperature 
in tubes for Silicon module temperature ~ 0 ⁰ C 

G.H./Particle Physics Seminar, Cambridge University, April 14th 2015
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!

Excessive pressure drop in exhaust tubing of SCT barrrel bi-staves doesn’t allow 
evaporation temperatures of -15⁰C with pure C3F8 for module operation at 0⁰C



Again: How to do this without changing 
the unchangeable exhaust tubing..?
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But… first build a machine to create and 
circulate C2F6/C3F8 blends and an 

instrument to verify them…

… Take a thermodynamic sidestep
blending C3F8 with the more volatile C2F6

G.H./Particle Physics Seminar, Cambridge University, April 14th 2015
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C2F6/C3F8 blend mixing machine & circulator

Sonar analyzer/flowmeter to verify C2F6/C3F8 blends



Thermal studies with C3F8 and C3F8/C2F6 made in a 
thermal model of an SCT bi-stave
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Temperature profile along tubes of one parallel half of simulated 
SCT bistave: pure C3F8 and 25%C2F6 /75%C3F8 

for different power/module (48 modules total)

C3F8

25%C2F6

75%C3F8



Reduction in evaporation pressure with 
molar concentration of added C2F6
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(Deceptively) simple ‘‘Pinched Axial’’ implementation combining analysis & flowmetry

G.H./Particle Physics Seminar, Cambridge University, April 14th 2015

As in any UFM, absolute normalisation 
depends on good knowledge

of flow patterns from CFD
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Pinched Axial instrument combining analysis & flowmetry
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The blends conclusion

• C2F6/C3F8blends with up to 25% C2F6 can be used in existing ATLAS 
tubing…

• They will allow the SCT to be operated far beyond the present
interated luminosity estimate of 350 fb-1 (i.e. to at least 620 fb-1 )
should the high luminosity upgrade (2023..?) be postponed…

• Sonar instruments allow on line monitoring of the blend to < 0.3% 
and correction of it. The angled flowmeter will do this in the context
of thermospihon operation.
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Use of sonars in other
RICH detectors 

• Beginnings of  Cerenkov refractomery in SLD CRID

• Used – but not extensively - in the DELPHI and 
COMPASS RICH detectors

• As we have seen: well adaped to use in circulation 
piping and RICH radiator volumes 

(worth considering for LHCb RICH upgrades…?)
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The LHCb Detector

RICH2 RICH1

Thanks to Franz Muheim
(University of Edinburgh)

G. Hallewell:  CPPM Habilitation à Diriger des Recherches –15 février, 2011

Two-RICH detector combination  to distinguish p’s, K’s & p’s traversing the detectors in 
momentum range 1 - 100 GeV/c.

(RICH1) C4F10 + aerogel (RICH2) : CF4 gas radiator 



Before Upgrades: LHCb RICH 1 and RICH 2  detectors at CERN
RICH 1: C4F10 & aerogel radiators; RICH 2: CF4 radiator. 

Very tall radiators:

Sonar installations outside the optical paths to look 
for stratification effects, particularly during
fluorocarbon fill from light passivation gas

and recovery?
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RICH1: C4F10 circulating @ 0.4m3/hr

LHCb RICH 1 and RICH 2  C4F10 CF4 recirculators. 

G.H./Particle Physics Seminar, Cambridge University, April 14th 2015

UFM-analyzer
here..?



RICH2: CF4 circulating  @ 10m3/hr. 
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LHCb RICH 1 and RICH 2  C4F10 CF4 recirculators. 

UFM-analyzer
here..?



Simultaneous Real-Time binary gas analysis & 

flowmetry in the same instrument 

• Particlarly well suited to measurements of a heavy additive in a light carrier

Mixtures of Xenon (MW 131.7) /O2 : (MW 32): 

 Need to recover very expensive Xe after surgery (price ~1 CHF/litre at 1 bar), 

recover by condensing patient exhalations (« degassing the patient ») 

Research on Xe delivery/recovery at Swansea (Dingley et al),

Example:  new medical application:

Xenon-based anaesthesia
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Figure 2. Freeze cycle: Gas to be processed is contained in bag (A).

Dingley J , Mason R S Anesth Analg 2007;105:1312-1318

©2007 by Lippincott Williams & Wilkins



Sonar for O2/Xe ratio measurement
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Recover Xe after surgery by condensing
patient exhalations:  montor Xe conc. to 
know when all recoverable Xe has been 

collected



Simultaneous Real-Time binary gas analysis & 

flowmetry in the same instrument 

• Resolution in blends C2F6 /C3F8 (dMW = 50) ~ 0.3%;

• Precision for C3F8 leak measurement into  N2 (dMW = 160) O ~ 10-5;

• Precision for CO2 leak measurement into  N2 (dMW = 16) O ~ 10-4;

• Auto-vent triggering for air leaks into C3F8 condenser ~ sub - percent (tbd);

• Particlarly well suited to measurements of a heavy additive in a light carrier

• Flow measurement precision ~ 2% full scale in “pinched axial”        

(flow  250 l.min-1) – 3 examples built

~ 1.9% full scale in version with 45º acoustics for high flow (≥ 15ms-1)

Sonar instruments commissioned into the ATLAS 

Detector Control system (DCS): use ATLAS DCS DB

CONCLUSION
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Back up slides



Some sonar publications 
and theses



Theses, reports related to sonar
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Theses, reports related to sonar: (cont.)



Major Publications  related to sonar (1)
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Major Publications  related to sonar (2)
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Some conference Publications  related to sonar

G.H./Particle Physics Seminar, Cambridge University, April 14th 2015

Topical Workshop on Electronics for Particle 
Physics (TWEPP2014): Sept 2014 (JINST)

ANIMMA 2013  June 2013 (IEEE TNS)



6-8 December 2006 ATLAS HLUTW, Liverpool
2000: US PFC emissions 8.8 Mtons C equivalent



G. Hallewell: CPPM Habilitation à Diriger des Recherches – February 15, 2011



G. Hallewell: CPPM Habilitation à Diriger des Recherches – February 15, 2011

CFC replacements
Perfluorocarbons



DELPHI RICH detector barrel C5F12 vap + C6F14liq radiators: 
end-cap C4F10 vap+ C6F14liq radiators: 

G. Hallewell: CPPM Habilitation à Diriger des Recherches – February 15, 2011

DELPHI (SLD)Barrel RICH (CRID) drift tubes:
Drift single Cherenkov electrons up to 1.6m in gas at atmospheric pressure then 

spatially reconstruct them in 3-D to 1mm3 (Tdrift, wire No, heightCath.) 

 still the greatest Q.C. achievement in detector physics

C5F12

C4F10

C6F14

C6F14

C6F14

C6F14

Barrel : liq.  C6F14  & C5F12 gas radiator: 

p/K/p (e/p) separation to 30 (6) GeV/c. 

End cap: liq. C6F14  & C4F10 gas radiator: 
Similar performance to barrel

Flutec PP1, Flutec PP50, 3M PF-5040



For most gases and certainly mixtures 
we need more realistic equations of state

Simplest ‘realistic’ is the Van der Waals EOS:

Problem: hard to find VDW coefficients 
for fluorocarbons in 1980s- approximate

with those of hydrocarbons of similar
n-structures…

Saturated perfluorocarbons in High Energy Physics

Greg Hallewell / CPPM

RICH 2010

Other ‘Empirical’ EOS, e.g. Benedict-Webb-Rubin
use ‘reduced parameters’ to calculate 
compressibility (Z=PV/T) etc. 
and can be combined with ‘mixing rules’.

Also hard to find coefficients for FCs in 1980s



Speed of sound is a valuable tool in EOS verification: 
EOS have developed significantly since 1990s: and new thermodynamic parameters 
have been extensively added to NIST databases for saturated fluorocarbons: R218 
(C3F8), R116 (C2F6) or R610 (C4F10)
(Vaclav Vacek et al Czech Technical University, Prague for ATLAS collaboration)

most recently the new PC SAFT EOS

(“Perturbed Chain Statistical Associating Fluid Theory”)

PC-SAFT equation of state adopts a hard-sphere 
chain fluid as a reference fluid. The EOS, contains a 
reference hard-chain EOS and a perturbation 
contribution.

Z=Pv/(RT) is the compressibility factor, 
P is the pressure, 
v is the molar volume, 
R denotes the gas constant, 
T is the absolute temperature, 
A is the Helmholtz free energy, 
N is the total number of molecules, 
k is the Boltzmann constant, 

and superscripts hc, and pert denote the hard-

sphere chain reference equation of state, and the

perturbation contribution, respectively

Saturated perfluorocarbons in High Energy Physics

Greg Hallewell / CPPM

RICH 2010



Valorisation (3)

Tri-Methyl-Indium/H2

Toluene-Air

G. Hallewell: CPPM Habilitation à Diriger des Recherches – February 15, 2011



“With your consent we can experiment further still”
Centre Hospitalier Universitaire de Genève, aout 2000)

Réunion générale du laboratoire – CPPM, le 18 octobre 2012



Exemple: variation de vitesse de son dans 
mélange 3-composants (2 cellules sonar) en anesthésie –
étude fait a l’hôpital Cantonal de Genève (CHUG) (2000). 
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LabView front panel ofprospective instrument performing complete
3-component anesthetic gas analysis via velocity of sound

(Scott Lindsay; U. Melbourne)

G. Hallewell: CPPM Habilitation à Diriger des Recherches – February 15, 2011
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Combined UFM, Molecular weight analyzer for 
hydrocarbons up to MW =58 (iso C4F10)



Investigate the adaptation of an oxygen flowmeter (neonates) 
as a combined flowmeter analyzer for anaesthetic gas mixtures

Gill ‘Spirocell’ UFM

Extensive look up tables compiled of sound velocity
at measured temp vs. % Halo/Iso/En/Des/
Sevoflurane in varying N2O/O2 primaries

Delivery: Drager-Sulla 808 anesthetic gas cart
Cross Calibration: Datex GS/3 analyzer:

N2O/ O2: relative concentration to 1%
Halo/Iso/En/Des/Sevoflurane to 0.1%
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A familiar story, a heavy additive in a light carrier

Desflurane: CF2-H-O-CHF-CF3:
M.W. =168



Entrée

O2

Entrée

N2O

Vers boucle d’aspiration

Débitmètre/

Analyseur (1)

N2O/O2

Débitmètre/

Analyseur (2) 

3me composant dans

mélange N2O/O2 

connu

Vaporisateur pour  3me composant 

Sevoflurane/ Desflurane/

Isoflurane/Enflurane/

Halothane

Rotamètres

Saturated perfluorocarbons in High Energy 

Physics Greg Hallewell / CPPM

RICH 2010

O2 N2O

Vaporizer: 3rd comp.
Halo/Iso/En/

Des/Sevoflurane

Rotameters

UFM 1: 
N2O/O2

UFM 2: 
3rd Component 

in known mix of 
N2O/O2

Implementation & calibration



Example of sound velocity envelope in a 3-
component anesthetic gas combination
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LabView front panel for a prospective instrument performing complete 3-
component anesthetic gas analysis via velocity of sound

(Scott Lindsay; U. Melbourne)

Saturated perfluorocarbons in High Energy Physics

Greg Hallewell / CPPM

RICH 2010



Familiar story, a heavy additive in a light carrier…

Ambiguity spoiler: CO2 & N2O have same MW (44) &similar Cp/Cv (1.316/1.303)  

Saturated perfluorocarbons in High Energy Physics

Greg Hallewell / CPPM

RICH 2010

Present anesthetic delivery carts use two 
technologies for gas analysis:

IR absorption for N2O & 
volatile agent, electrochemical for O2

Could a single technology
(speed of sound analysis) 

replace the two?

Xenon long known for its good anesthetic properties 
– replacing N2O in some applications, but expense 

(>10 CHF/litre @ NTP) requires closed recirc. systems
(Note: Halo/Iso/En/Des/Sevoflurane recovery also

now common due to their high greenhouse potentials)
Xe does not have the MW & g ambiguity with CO2…

A role for PC-SAFT in predicting anesthetic mixture properties?


