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Chapterr 3 

LHCbb Outer Tracker straw detector 

Thee LHCb outer tracker is built out of gas filled drift tubes. The subject of this chapter 
iss the physics of drift tubes. Section 3.1 gives a theoretical overview of the operation 
principlee of gas filled drift detectors. Section 3.2 discusses the selection of the gas 
mixturee for the LHCb tracker. The various prototypes of the outer tracker that have 
beenn constructed are discussed in section 3.3. These prototypes have been tested in a 
particlee beam at CERN. Chapter 4 describes these tests in detail. Section 3.4 discusses 
thee selection of the detector material. Section 3.5 summarises the decisions made. 

3.11 Operation principle 

Fastt gas filled chambers to detect ionising particles have become a standard technique in 
particlee physics experiments since 1968 when the first multi-wire proportional chamber 
wass operated[49]. The research[50] on gas detectors from then is still relevant to date. 
Thiss section briefly reviews the operation principle of the drift tubes used for the outer 
trackerr in LHCb. 

3.1.11 Creation of ionisation clusters 

AA charged particle traversing a gaseous medium wil l undergo electromagnetic inter-
actionss with the gas constituents. These interactions wil l slightly deflect the particle 
fromm the original trajectory and cause it to lose energy. If the energy transfered in the 
interactionn is higher than the ionisation potential of the gas constituent. (0(lQ eV)), 
electron-ionn pairs can be liberated. In case these ejected primary electrons have enough 
energyy they can cause further ionisation by producing secondary electron-ion pairs. 
Thesee ionisations wil l usually occur close to the primary ionisation resulting in clusters 
off  ionisation. The cluster size, i.e. the number of ionisations per primary electron, de-
pendss on the energy transfer in the primary collision. It ranges from one ionisation to 
moree than 20 [51]. 

Inn a gas, the number of primary interactions per unit length is relatively small. As 
theyy are independent the primary ionisation follows Poisson statistics, i.e. the proba-
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Figur ee 3.1: A particle traversing a gas filled drift tube at a distance dtrack from the 
wire.. It causes Poisson distributed clusters of electron-ion pairs along the 
trajectory.. Under the influence of the electric field the electrons drift to-
wardss the anode wire. Close to the anode wire gas amplification takes 
place. . 

bilit yy P(n; I) to find n primary ionisations for a particle traversing a length I is: 

PPM=M= && nn"*&"*&  , (3.1) 

wheree A is the average distance between subsequent ionisations. With the default outer 
trackerr gas mixture ylr(75)/CF4(15)/C7O2(10) (see chapter 4), a minimum ionising par-
ticlee creates on average about 30 primary ionisations per cm[50, 52], corresponding 
too A ~ 0.33mm. A typical event inside the LHCb straw is schematically depicted in 
figurefigure 3.1. 

3.1.22 Drif t of electrons and ions in gases 

Thee liberated electrons wil l scatter off the gas constituents with their direction ran-
domisedd at every collision. In case no (electromagnetic) force is applied the electrons 
movee randomly with an average energy of ffcT, i.e. the thermal energy. Under normal 
conditionss this corresponds to a velocity (v) of about 107 cm s^1. 

Inn case an electric field E is applied the charge carriers wil l experience a force caus-
ingg them to drift towards the anode wire. On a macroscopic scale the scattering of 
thee electrons and ions with the gas constituents can be modelled as a frictional force 
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Figuree 3.2: Effective momentum transfer cross section as a function of the electron 
energyy e for argon [53]. 

proportionall  to the velocity. The equation of motion then is: 

du du 

dt dt 
eEeE — Ku (3.2) ) 

wheree u is the macroscopic drift velocity, K a characteristic constant for the frictional 
forcee and e and m the charge and mass of the charge carrier. Solving equation 3.2 for 
uu gives: 

)) , (3-3) 

Thee ratio  ̂ defines the characteristic time r. Because of the small mass electrons wil l 
quicklyy reach the asymptotic value for i > r , i.e. 

eEr eEr 
(3.4) ) 

AA maximum drift time of 40 ns corresponds in an 2.5 mm outer tracker straw tube to 
ann average macroscopic drift velocity u of 6  106 cm s_ 1. 

Onn a microscopic scale r can be seen as the average time between two collisions. 
Thiss time depends on the cross section a for collisions of the electrons with the gas 
constituents,, the number of constituents N, and the average fractional energy loss per 
collisionn 7/[54], i.e. 

No No 
(3.5) ) 
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Figuree 3.3: Simulated drift lines in a 5 mm radius straw tube in the fast gas mixture 
Ar(70)/CF4(30)) in a 1.6 T magnetic field along the wire. The drift lines 
spirall  around the anode. 

Thee interaction cross section a for a particular gas molecule is usually not a constant 
ass it depends on the excitation levels of the molecule as well as the electron energy. A 
discussionn of the calculation or determination of these cross sections is beyond the scope 
off  this thesis. Figure 3.2 shows the cross section as a function of the electron energy for 
argon. . 

Whenn a magnetic field B is applied perpendicular to the electric field E the electron 
wil ll  move under an angle with respect to the electric field lines. This angle aL, called the 
LorenzLorenz angle, is defined by the ratio of the velocity perpendicular(ux) and parallel(ui|) 
too the electric field. Modifying the equation of motion 3.2 to include a magnetic field 
componentt e[u x B], it can be shown that the Lorenz angle is given by[54]: 

tann aL 
eBr eBr 

m m 
(3.6) ) 

Thee magnitude of the macroscopic velocity, in the presence of a magnetic field, uB is 
givenn by[54]: 

eEreEr u 
UUBB = , , , = , , = = u cos aL , (3.7) 

W l ++ W2T2 / l + t a n2aL 
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whichh shows that the presence of a magnetic field reduces the drift velocity. This effect 
iss larger for gases with a large r, i.e. for gases which are fast without a magnetic field. 
Moreover,, a drift gas with a large Lorenz angle causes the electrons to spiral around 
thee anode as can be seen in figure 3.3. Hence, the effective drift distance is larger with 
consequentlyy a larger drift time. These effects are taken into account in selecting a 
fastt outer tracker gas mixture, since part of the detector will operate in over one Tesla 
magneticc field. 

Thee drift process of the ions is different from that of the electrons. The ions will drift 
towardss the cathode with a velocity that is smaller than that of the electrons (typically a 
factorr 1000). This is mainly due to the fact that the ions are heavier which prevents them 
fromm reaching the asymptotic value of the macroscopic drift velocity u (see equation 3.3). 
Inn gas mixtures an interesting charge transfer process takes place between the ions. All 
ionss will transfer the energy in a few collisions to the gas constituents with the lowest 
ionisationn potential. The result of these reactions is that the positive charge is mainly 
carriedd by the gas component with the lowest ionisation potential, which for the LHCb 
trackerr is C02 {I0 = 13-7 eV). 

3.1.33 Gas amplification 

Iff  the electric field E is high enough drifting electrons will gain sufficient energy to ionise 
neww gas molecules. This property is exploited in drift tubes in which the radial electric 
fieldd is given by: 

E{r)E{r)  = —^- , (3.8) 
da da 

wheree V is the applied voltage, da and db the radii of anode wire and cathode tube and 
dd a distance from the wire. As an electron moves towards the anode wire the electric 
field,, and hence the energy of the electron, will increase. Close to the wire the energy 
willl  be high enough to cause ionisation. This process will quickly repeat itself for the 
liberatedd electrons resulting in an avalanche of ionisations. The net effect is an enormous 
increasee of the number of charges contributing to the signal development. This process, 
calledd gas amplification, can result in signal gains of up to 106. At standard operation 
conditionss the LHCb outer tracker drift tubes operate at a modest average gas gain of 
2xx 104[55]. 

3.1.44 Signal development and t ime measurement 

Thee pulse shape of the electrical signal induced on the wire is important as it determines 
thee drift time measurement. Figure 3.4 shows the current signal produced in a 166 cm 
longg Kapton-XC straw tube by a 55Fe radiation source. The 55Fe produces a cloud 
off  about 200 electrons at a small "point" in the straw volume. Therefore, the signal 
producedd is equivalent to the signal produced by a very large single ionisation cluster. 
Itt can therefore be used as a calibration source. 

Thee signal from the 55Fe source contains two superimposed components. The elec-
tronss created in the avalanche drift towards the anode in a fraction of a nanosecond 
creatingg a steep small pulse. The ions drift to the cathode in the order of a microsecond 
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Figur ee 3.4: Current signal produced in a 166 cm long Kapton-XC straw tube by a 55Fe 
radiationn source[56]. The gas mixture used is Ar(65)/CF4(30)/CO2(5). 
Thee spikes at the falling edge are superimposed reflected signals caused by 
improperr termination of the straw tube. 

causingg a signal with a long tail. The steep leading edge of the signal forms an excellent 
signaturee to trigger the measurement of the (drift-)time. Electronically this is achieved 
byy measuring the time at which the signal amplitude passes a certain threshold. 

Thee signal produced by a traversing particle is a super-position of the signals created 
byy the individual cluster arriving in the avalanche region. A single electron amplified 
byy the average outer tracker gas gain of 2 x 104 leads to a deposited charge of 3 fC. 
Thee cluster with the shortest distance to the wire arrives first. The arrival time of this 
clusterr provides the measurement of the track position. Therefore, the outer tracker 
electronicss triggers on the leading edge of an induced signal surpassing a threshold of 
22 fC. 

3.22 Drif t gas selection 

Importantt considerations for the selection of the gas mixture are, the signal gain, the 
maximumm signal collection time and stable detector operation. The following sum-
marisess these considerations. 

signall  gain 

Firstly,, the signal gain should be sufficient in order to efficiently detect and measure a 
traversingg particle. In principle, avalanche multiplication occurs in all gases. However, 
inn noble gases multiplication is known to occur at already modest electric fields com-
paredd to polyatomic molecules. Polyatomic molecules have many rotation and vibration 
modess that can absorb the energy of the electrons[50]. This energy is not used to ionise 
aa molecule. Consequently, multiplication is less likely to occur in a collision with a poly-
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atomicc molecule. LHCb uses argon as noble gas because of the high ionisation potential  1 

andd relatively low cost compared to for example xenon or krypton. 

signall  col lect ion t im e 

AA second important requirement on the outer tracker drift gas is that it must be fast 
enoughh to keep the maximum signal collection time below 50 ns (corresponding to two 
bunchh crossings). Adding CF$ to an argon based drift gas is known to increase the drift 
velocityy [57]. This can be explained in the following way. From figure 3.2 it can be 
seenn that the cross section a for electrons to interact with argon is small for energies 
aroundd ~ 0.3 eV. Furthermore, because argon is a noble gas, the fractional energy 
losss per collision r\ is small up to the energy needed for ionisation. As can be seen 
fromm equation 3.5 in combination with 3.4, a low interaction cross section results in a 
highh macroscopic drift velocity u. In the drift region of the straw tubes it is therefore 
ann advantage to keep the energy of electrons in argon below ~ 0.5 eV. CF4 has a large 
electronn scattering cross section for energies > 0.5 eV, and a significantly higher 7?[57, 54], 
"High""  energy electrons interacting with CF$ wil l therefore lose a large fraction of their 
energy,, moving them into the low cross section region around ~ 0.3 eV. The overall 
resultt is that the average electron cross section is smaller, and hence the average drift 
velocityy u higher. Accordingly LHCb has decided to use CF4 together with argon. 

Thee use of CF4 also has a drawback. CF4 is strongly electronegative2. Consequently, 
driftingg electrons have a significant probability to be captured by a CF4 molecule. Hence, 
nott all electrons liberated by the traversing particle wil l reach the anode3. This has a 
directt effect on the detection efficiency as the signal size is reduced. Furthermore, it 
effectss the resolution as the electronics trigger on the leading edge of the signal (see 
sectionn 3.1.4) created by the avalanche of the first arriving cluster. As depicted in fig-
uree 3.1 this is the cluster nearest to the wire. Capturing of the electron(s) in this cluster 
thereforee affects the resolution. The test-beam measurements described in chapter 4 
showw that the consequences of the above mentioned effects are acceptable. 

stablee operat ion 

Thee third requirement for the drift gas is that stable operation conditions are ensured 
att high particle rates. The excited atoms of a noble gas only returns to the ground 
statee by emitting photons with an energy corresponding to the ionisation potential or 
higher.. These photons can cause excitation of electrons from e.g. the cathode. These 
neww electrons in turn can cause a secondary avalanche. This process can repeat itself 
makingg the detector unstable. To prevent this from happening often a quencher is 
addedd to the gas mixture to absorb the emitted photons. The existence of many energy 
dissipationn modes in polyatomic molecules make them good quenchers. Often used 
quencherss are CH  ̂ and CO-i. Aging studies have been performed with both quenchers 

1AA high ionisation potential prevents argon ionisation before the multiplication region. 
2Att electron energies of a few eV the cross section for electron capture is large: ~ 10"18 cm2[57]. 
3Anotherr process which eliminates the electrons is the recombination of electrons with the cre-

atedd ions. Because the ions have a relatively long lifetime space charge builds up at high rates. 
Measurement[58]]  show that at rates of about 1 MHz cm- 1 this effect starts to contribute. 
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characteristics s 
## cells/layer 
cathodee material 
wiree material 
wiree diameter 
length h 
celll  shape 
celll  size 
pitch h 

9002-9005 5 
32 2 

i ) ) 

4) ) 

255 /im 
0.33 m 

honeycomb b 
8.00 mm 
9.00 mm 

6030-6034 4 
16 6 

2) ) 

4) ) 

255 /xm 
0.33 m 

straww tube 
5.00 mm 
6.00 mm 

06044 + 2004 
32 2 

2)) or  3) 

4) ) 

255 fira 
2.00 m 

straww tube 
5.00 mm 
6.00 mm 

5 5 
64 4 

3) ) 

4) 4) 

255 /xm 
22 x 1.6 m 

straww tube 
5.00 mm 

5.255 mm 

1)) Pokalon-C; 2) double Kapton-XC; 3) Kapton-XC + aluminium; 4) gold-tungsten 

Tablee 3.1: Characteristics of LHCb outer tracker prototypes. 

togetherr with argon and CF4. These studies indicate that the combination of CF4 with 
CHCH44 damages the cathode surface and causes aging of the anode wire[44, 58]. Therefore, 
LHCbb has chosen to use C02 as quencher. 

3.33 Outer Tracker prototypes 

Thee use of small drift tubes for the LHCb outer tracker was inspired by the R&D work 
onn the Honeycomb Strip Chamber[51] for the ATLA S muon detector and by the drift 
chamberss used in HERA-B[59]. A common property of these drift tubes is the use of 
smalll  drift cells (order 1 cm) with a cathode made out of a thin folded foil4. Since 
19988 several prototype drift cell modules for LHCb have been built. Both prototypes 
withh a honeycomb-like cell geometry as well as prototypes with a straw geometry have 
beenn constructed. Other parameters that have been varied are the cell size, wire to wire 
distancee (pitch), cathode material, electrical shielding and module length. The main 
characteristicss of the most relevant prototype modules are presented in table 3.1. They 
aree described below. 

aluminiumm < 
11 mm Rohacel l 

\ \\ * 
Pokalon-CC A ' ? 

\\  r 

100 mm 

\\ t 
55 mm 

88 mm Rohacel l 

BB 5 mm 

100 mm 

Figuree 3.5: Cross section of 8 mm honeycomb prototype modules 9002-9005. 

Thee use of MWPC[41] is not a sensible option because the electric field configuration prevents drift 
timee measurements with a good resolution. 



3.3.. Outer Tracker prototypes 53 3 

Thee honeycomb modules 9002-9005 contain two staggered mono-layers of 32 
driftt cells each. The mono-layers are mounted directly on top of each other and 
sandwichedd between two 10 mm thick layers of Rohacell foam. The drift cells are 
constructedd out of a Pokalon-C5 foil . By means of a folding machine[51] the foils 
aree folded forming a half honeycomb structure. Two of these foils are glued on 
topp of each other forming a full honeycomb. A honeycomb cell is 5 mm thick and 
88 mm wide. The wire pitch inside a mono-layer is 9 mm, leaving 1 mm for gluing 
thee foils. Every drift cell contains a 30 cm long gold plated tungsten wire with a 
diameterr of 25 /jm. Figure 3.5 shows a cross section of a module. 

aluminiu m m 

Kapton-X C C 

100 mn 

55 mm 

100 mn 

Figur ee 3.6: Cross section of 5 mm straw tube prototype modules 6030-6034. The cross 
sectionn of the combs to support the tubes is also shown. 

Thee straw tube modules 6030-6034 contain two staggered mono-layers of 16 
driftt cells each. The two mono-layers are sandwiched between two 10 mm thick 
layerss of Nomex. Straw tubes made out of Kapton-XC are used as the cathode of 
thee drift cells. The straw positions are fixed by placing them in aluminium combs 
att the edges of the module. The straws have a 5 mm diameter, the wire to wire 
pitchh is 6 mm inside a mono-layer. Every drift cell contains a 30 cm long gold 
platedd tungsten anode wire with a diameter of 25 /im. Figure 3.6 shows a cross 
sectionn of the modules and the combs. 

Thee straw tube modules 2004 and 0604 are similar to the modules 6030-6034. 
Theyy are also made out of two mono-layers of 5 mm straw tubes sandwiched 
betweenn two 10 mm thick supporting layers of Nomex. The main difference is 
thee larger spacing between the mono-layers as well as between the mono-layers 
andd support structure. The mono-layers in the modules contain 32 straw tubes 

5Pokalon-CC is a product designation for a carbon-loaded polycarbonate. 
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Figuree 3.7: Cross section of 5 mm straw tube prototype modules 2004 and 0604. The 
crosss section of the combs to support the tubes is also shown. 

andd are 2 m long. In order to test the electrical properties two types of straws 
aree used. Half of the straw tubes in each mono-layer consist of double Kapton-
XCC windings. The other half of the straws contain a Kapton-XC winding on the 
insidee and an aluminium winding on the outside. In addition module 0604 has an 
extraa aluminium foil positioned between the two mono-layers to improve electrical 
shieldingg in order to reduce cross talk between straws in different layers. 

Too guarantee sufficient mechanical precision the straws are supported by alu-
miniumm combs at the edges and at 66 cm from the edges of the module. The 
255 nm. diameter gold-tungsten wires are supported by wire-locators in the combs 
att 66 cm. See figure 3.7 for a cross section of the modules and the combs. Fig-
uree 3.8 shows a photograph of module 2004 when it was constructed. 

•• Straw tube module 5 is a full scale prototype of the outer tracker. It is 3.2 m 
longg consisting of two 1.6 m long half-modules. Each half-module consists of two 
staggeredd mono layers sandwiched between two 10 mm thick supporting Nomex 
panels.. A single mono-layer contains 64 straw tubes with an inner diameter of 
5.00 mm and a cathode consisting of a 40 /im thick inner winding of Kapton-XC 
andd a 25 /xm thick aluminium outer winding. The outer aluminium winding is 
usedd to improve electrical shielding in order to reduce cross talk between straws. 
Thee tubes are directly mounted on an aluminium grounding foil that is attached 
too the Nomex panels. The 25 ^m diameter gold-tungsten wires are supported by 
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Figur ee 3.8: Photograph of one half of module 2004 during construction. Shown is a sin-
glee layer of double Kapton-XC(dark, right) and the Kapton-XC/aluminium 
(light,, left) straws mounted in the straw support combs. The combs are 
attachedd to the Nomex layer. The zoom (see the inset) shows the mounting 
off  the wires on the read-out board. 
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Figuree 3.9: Cross section of 5 mm straw tube prototype module 5. 

wire-locatorss in the centre of each tube and at both ends of the wire. The wires of 
bothh half modules are not connected and not electrically terminated. See figure 3.9 
forr a cross section of the module. 

3.44 Material selection 
Thee selection of the cathode material is based on an optimisation between the following 
factors: : 

•• thin and low Z (to minimise radiation length) 

•• good electrical conductivity 

•• resistant to high rates (i.e. no aging) 

•• low cost per detection cell 

•• easy to manufacture. 

Extensivee aging studies have been performed on different kinds of cathode materials [60, 
58,, 44]. In addition prototype modules have been tested for their electrical properties[56]. 
Thee following briefly summarises these studies. 

Freee fluorine radicals created by CF 4 dissociation are known to aggressively react 
withh various materials. This is shown to be the case for aluminium and copper[60]. For 
thiss reason several carbon doped polymers have been tested as cathode material. Adding 
carbonn is done to increase conductivity. Polycarbonate foil Pokalon-C is used as cathode 
materiall in the HERA-B honeycomb drift cells. The LHCb prototype modules 9002-
90055 (see previous section) also use Pokalon-C. Hera-B has experienced aging problems 
withh Pokalon-C and has decided to coat the foils with a gold layer [61]. Together with 
thee fact that Pokalon-C is no longer produced by the manufacturer6 it is chosen not to 
usee this material. Measurement on Kapton-XC [44] show it to be sufficiently radiation 
hardd for the LHCb environment and is therefore chosen to be used for the outer tracker. 

"Restartingg the production would imply rebuilding the production facility with considerable costs. 
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Duee to the fact that folding Kapton-XC requires an impractical high temperature 
off  about 400 C the honeycomb construction method is not used. Kapton-XC can be 
woundd to form straw tubes {see figure 2.16). Straw tubes have the additional advantage 
comparedd to honeycombs that they are electrically symmetric7. Therefore, it is decided 
too build straw tube drift cells. A detailed study of the electrical properties[56] shows 
thatt having an outer layer of aluminium significantly improves conductivity and reduces 
crosss talk. The reduction of cross talk is confirmed by the test-beam measurements in 
sectionn 4.7. 

3.55 Conclusions 

Thee LHCb outer tracker is built out of layers of gas filled drift tubes. The main com-
ponentt of the gas mixture is argon. To obtain a sufficiently fast drift gas the mixture 
containss a significant CF4 component. CO2 is used as a quencher. The exact gas mix-
turee can be varied to match the operation criteria (i.e. maximum drift time, resolution, 
efficiencyy and cost) required. Chapter 4 shows drift time measurements for different gas 
mixtures. . 

Thee disadvantage of using CF  ̂is that it is strongly electronegative, i.e. free electrons 
cann be captured by the CF  ̂ molecules forming fluorine radicals. Furthermore, created 
fluorinee radicals can cause aging of the detector materials. Extensive aging test have 
beenn performed on various cathode materials with various gas mixtures. The polymer 
Kapton-XCC is shown to be radiation tolerant in the chosen gas mixture at the expected 
particlee rates. Studies on the electrical properties of the drift tubes show that the 
additionn of an aluminium layer significantly improves conductivity and reduces cross 
talk.. Therefore, it is chosen to produce straw tube drift cells with a cathode constructed 
outt of an inner layer of Kapton-XC covered by a layer of aluminium. 

Variouss outer tracker prototype modules have been built. The next chapter shows 
measurementss performed on these prototypes in a test beam. These test beam mea-
surementss together with the conclusions presented here and with the occupancy consid-
erationss of chapter 6 have lead to the final outer tracker module design as presented in 
sectionn 2.3.3. 

7Inn the corners of the honeycombs the electrical field is badly defined causing ionisations in this area 
too take a unacceptable long time to drift towards the anode. 
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