Properties of some gas mixtures used in tracking detectorsArchana SharmaGSI-Darmstadt, Germany*AbstractThis report summarizes some useful data on the transport characteristics of gas mixtures whichare required for detection of charged particles in gas detectors. The requirements for highluminosity tracking are stringent and different at low and high momenta, representing acompromise between a fast gas mixture, small diffusion properties and having a small Lorentzangle, but high primary ionization. With the advent of a host of computing programs available thetransport parameters are rather well estimated and corroborated by experiment. Mixtures of somenoble gases with popular quenchers are considered, with some emphasis on low mass gases. Purenoble gases for example argon and xenon are also presented with single photon detection andmedical imaging applications in view respectively.1INTRODUCTIONParticle physics experiments rely heavily on the detection of charged and neutral radiation withgaseous electronics. A suitable gas mixture enclosed within electrodes with an electric fieldbetween them permits the detection of charged particles. When ionizing radiation passes throughsuch a system, free charge is liberated in the form of electrons and ions moving under the action ofthe electric field to the respective electrodes. In high fields, the electrons can be amplified creating adetectable charge signal. The study of the drift and amplification of electrons in a uniform (or non-uniform) electric fields has been a fascinating subject of intensive research over the past century.Pioneering work has been done by Townsend and his collaborators which has been wellsummarized in [1-17]; exhaustive reviews on the progress of the theory and experiments can befound in these references.For tracking at the high luminosity hadron collider like LHC, an operational gas mixture hasthe following requisites: It has to be fast, so that an event can be unambiguously associated to itsbunch crossing which leads to a compromise between having a high drift velocity and largeprimary ionization statistics. The drift velocity would ideally be saturated or have a small variationwith modifications in electric and magnetic fields. The mixture needs to be well quenched with no

* mailing address CERN, Geneva Switzerlande-mail archana.sharma@cern.ch secondary effects like photon feedback and field emission giving a stable gas gain well separatedfrom the noise of the electronics. Fast ion mobility for quick clearance of positive ions to inhibitspace charge effects also helps in having small EXB effects.Experiments at the upcoming high luminosity B-f and t-charm factories require a low mass gasmixture and a lot of work has been done in this direction. For low mass gas mixtures, used fordetection of low momentum particles by minimizing multiple scattering, it is known that ethane,Isobutane and dimethyl ether (DME) are good quenchers with helium [25-30] , which helpincreasing also the number of primary and total ion pairs per cm for a given density.Clearly financial constraints also need to be addressed in large gas systems, and a non-flammable, eco-friendly gas mixture is often a pre-requisite for safety.2STATISTICS OF ELECTRON-ION PAIRS PRODUCTION IN A GASWhen an ionizing particle passes through a gas the free electrons and ions are produced inamounts that depend on the atomic number, density and ionization potential of the gas, and on theenergy and charge of the incident particle. The number of primary electron pairs per cm is calledNp. The created electrons may have sufficient energy to ionize further and create secondaryelectron-ion pairs. The overall outcome of the two processes is called total ionization, the totalnumber of electron-ion pairs per cm is denoted by Nt. Np and Nt depend on incident particle chargeand velocity, and are characteristic of a given gas or gas mixture. They affect the localizationaccuracy and in particular for thin gas gaps in chambers the accuracy is largely affected by theaverage distance between primary ionization clusters. These numbers have been measured andcomputed for a variety of gases [11, 18-24]. Table 1 lists some values for Np and Nt, along withother general properties. Here Ex and Ei are the excitation and ionization energy, respectively, wi isthe average energy required to produce one electron-ion pair in the gas, (dE/dx)mip is the mostprobable energy loss by a minimum ionizing particle. All numbers are for normal temperature andpressure (NTP).For gas mixtures a weighted average for Np and Nt may be computed. Equal being the gasdensity, the number of primaries is larger for gases whose molecules comprise light elements. Thenumbers given are for minimum ionizing particles; for lower energy particles the larger ionizationdensity helps improving accuracy.

Table 1: Physical Properties of gases at 20�C and 760 TorrGasZADensity10-3(g/cm3)Ex(eV)Ei(eV)wi(eV)[dE/dx]mip(keV cm-1)np (cm-1)N.T.Pnt (cm-1)N.T.P.RadiationLength(m)

He220.17819.824.5410.324.28745

Ar1839.91.78211.615.7262.442394110

Ne1020.20.9016.6721.5636.31.561243345

Xe54131.35.868.412.1226.764430715

CF442883.9312.515.95475110092.4

DME26462.26.410.023.93.955160222

CO222441.985.213.7333.0135.591183

CH410160.719.815.2281.482553646

C2H618301.348.711.7271.1541111340 i-C4H1034582.596.510.6235.9384 195169

3ELECTRON TRANSPORT PROPERTIES

Ramsauermini m Fig. 1 Cross sections for electron collisions in ArgonRigorous treatment of the theory of electron transport has been extensively summarized in thevarious references quoted [31-33]; here it is very simply reminded without mathematical detail. Inthe absence of electric field the free electrons in a gas will move randomly, experiencing collisions

with the gas molecules with a Maxwell energy distribution, having an average thermal energy of3/2 kT (0.04 eV at STP); when an electric field is applied, in addition to their random thermalvelocity v, the electrons begin to drift in the field direction with a mean velocity vd, the averagedistance covered by the drifting electron swarm per unit time. The energy distribution, Maxwellianin the absence of an electric field becomes a complicated distribution once the electrons startmoving in an electric field and thus acquiring energy. This energy distribution is even morecomplicated in the presence of a non-uniform field, for example resulting from particular detectorgeometries and/or the presence of magnetic fields requisite for charged particle tracking. When theelectrons move in an electric field they may still attain a steady distribution if the energy gained permean free path is small compared with the electron energy. The momentum transfer per collision isnot a constant, especially in excitation and ionization collisions between electrons and atoms,causing a larger energy loss. electrons with energies near the Ramsauer minimum in argon (seefig.1) for example (0.23 eV) have long mean free paths and as a consequence, can gain moreenergy before experiencing a collision with the surrounding gas. This is taken into account incomputing the energy distribution function and has consequences on the gas parameters. The driftvelocity is also dependent on pressure, temperature and can be modified by the presence ofpollutants like water or oxygen (as will be demonstrated in section 5); electronegative pollutantsdeplete the gas of electrons.

mechanical excitations can be as important as those of electronic excitations. The actual mechanismof such interactions is complex and the molecule can be in a final state very different from theground state of the molecule. The cross-sections of carbon dioxide can be taken as an example, seefig. 2. It is seen that these collisions are produced at relatively small energies (0.1 to 1 eV)compared to excitation and ionization collisions. The vibrational and rotational excitation crosssections result in the mean fractional energy loss being large and the mean electron energy beinglow. The mean or �characteristic electron energy� represents the average �temperature� of thedrifting electrons: a gas may be called warm or cold depending upon the average electron energiesbeing above the mean energy limit, in the electric field range considered.As the electrons are drifting in the electric field they also disperse symmetrically, thus givingrise to volume diffusion, transverse and longitudinal to the direction of motion. In cold gases likecarbon-dioxide for example, the diffusion is small, while drift velocity is low and unsaturated forvalues of electric fields usual in gas detectors; this implies a non linear space time relation. Warmgases like argon for instance, have a higher diffusion; when mixed with polyatomic/organic gaseshaving vibrational thresholds between 0.1 and 0.5 eV, diffusion is reduced in most cases, whilethe drift velocity is increased.Clearly due to the deflection effect exerted by a magnetic field perpendicular to the electric fieldand the motion of the electron, the electron moves in a helical trajectory resulting in a lowered driftvelocity and transverse dispersion. Thus the arrival time of electrons in a proportional counter forexample changes and the spread in the drift time increases. The angle which the drifting electronswarm makes with the electric field is defined as the Lorentz angle of the particular gas or gasmixture under consideration. This depends on both the electric field and the magnetic field. It isnormally large at small electric fields but falls to smaller values for larger electric fields and isapproximately linear with increasing magnetic field. It has been observed that gases with lowelectron energies have a small Lorentz angle. In case of a small mis-alignment between the electricand magnetic fields, the resulting drift velocity and transverse diffusion will distort the space timerelation at the ends of the drift space in both TPC end-cap multiwire chambers or drift chambers ina magnetic field. Therefore these effects have to be carefully studied and minimized.The Boltzmann transport equation expresses the conservation of the number of electrons fromthe classical Liouvilles theorem for collisions in the absence of amplification, which may be solvednumerically knowing the electron distribution function at a point of phase space as a function oftime. To solve this equation, this function is expanded in Legendre polynomials, and the termsafter the first two contribute to less than 1% and are neglected giving a set of two coupleddifferential equations which may be solved exactly.All calculations presented here are carried out with the MAGBOLTZ computer program fortransport parameters developed by S. Biagi [34]. The program was initially developed as a multiterm Boltzmann expansion allowing the extraction of the absolute cross sections for electronscattering from the experimental data on drift velocity and transverse diffusion. Data from inelasticscattering cross sections are also used. Calculations are carried through to third order Legendrepolynomial expansion of the electron distribution function; neglecting higher orders leads to somediscrepancy of a few percent in the predicted and measured values of diffusion, especiallytransverse. These cross sections are then used to compute and predict the transport parameters invarious gases and gas mixtures1. Fig. 3 shows the cross sections DME as an example.

different gas mixtures have been kept the same to ease comparison. The ambient conditions havebeen taken to be 20� C and 760 Torr. In this paper some examples are shown.3.1Drift, Diffusion and Lorentz anglesFig. 4 show the transport parameters of helium-ethane taken from Ref.[28].The agreement fordrift velocity with the computations is rather good while that for diffusion is about 2%.

Computations of Lorentz angles for a (90-10) helium-isobutane mixture as a function of electricand magnetic field is shown in fig. 5, measurements shown from [35] agree within 2%; also for a70-30 gas proportion and the results were consistent with the computations [36]. The diffusioncharacteristics for Ne-CO2 mixtures are shown in fig. 6 taken from [30]. As expected the resultsagree within a few percent.

.measurement [

mm

pe

r

c

m

dr

i

f

t

measurementFig. 8 Measurements [22] and calculations of transverse diffusion in Ar-CH4 mixtures as a function of magnetic field.There has been a lot of progress [37] in the field of single photon detection using differentkinds of alkali-antimonide photocathodes, the problem being the damage in the presence of usualquencher gases thus necessitating a noble gas usually argon as the operational gas. The operationof a proportional gas detector in a pure noble gas has been the subject of many investigations [38].Fig. 9 shows the drift velocity for pure argon taken from [39] where the curve (computation) is invery good agreement with the calculations. .

c

m

/m

s

D

r

if

t

v

e

lco

city1 atm5 atmPure XenonElectric Field (kV/cm)Fig. 10 Drift velocity as a function of electric field and pressure for Pure Xenon.For the purposes of medical imaging, the gas choice is mainly determined by the spatialresolution, CO2 is generally added to improve the diffusion characteristics. Fig. 10 shows the driftvelocity for pure Xenon and fig. 11 some transport parameters for Xe-CO2 mixtures at STP.

rmmElectric Field cm ) Electric Field V/c m )Fig. 11 Some transport parameters of Xe-CO2 (90-10)

Fig. 12 shows the transport parameters for pure DME, used in cases where high accuracy isobtained by exploiting the very low diffusion characteristics and small Lorentz angles of this gas;the measurements are taken from [40]. DME was introduced as a better photon

Lorentz Angle (degrees)Fig. 13 Lorentz Angles in Ar-CO2 (90-10) from B=0.5 T to 4T.

quencher than isobutane, with an absorption edge of ~ 195 nm it allows for stable operation withconvenient gas multplication factors. Consequently high gains and high rates are possible withoutrate induced sparking. Pure DME does not polymerize due to its oxygen-carbon molecular bond,but contaminated DME with freons polymerizes, suggesting high demands on purity and carefulchoice of materials. Though it is a very cool gas, when mixed with noble gases like neon andargon, the drift velocity increases rapidly. Strangely one of the fastest gas mixture is made withDME and CO2 both cool gases. Those for a non-flammable gas mixture of Ar-CO2 (90-10) areshown in fig. 13 for a magnetic field ranging from 0.5 to 4 Tesla. Some examples of thecalculations and measurements [41] of Lorentz angles for DME and Argon mixtures are shown infig. 14.3.2Townsend CoefficientRecently some efforts have been devoted to the measurements of the Townsend coefficient, themean number of ionizing collisions per unit drift length, in several gas mixtures. Measurements onargon based mixtures may be found in [42], while xenon mixtures in [43]. Some measurements ofthe Townsend coefficient for Helium ethane mixtures are shown in fig. 15, which were done usingthe experimental setup described in [42]. Comparisons of computations and the experimental datafor Townsend Coefficient is exemplified in fig. 16 for argon-DME mixtures, and in fig. 16 for aDME-CO2 mixture.

00.0050.010.0150.02100020003000400050006000700080009000He-Ethane36%56%

/p (cm

-1

Torr

-1

)

aE (V/cm)% EthaneAS250598Townsend CoefficientFig. 15 Measurement of Townsend Coefficient in helium-ethane mixtures.

Townsend CoefficientFig. 16 Computation of Townsend coefficients and measurements from [42]... a/p

(

1

/c

m.

T

or

r)

DME/CO2 (60-40)p . 2 3 To rrFig. 17 Calculations and measurements [40] of the Townsend Coefficient for DME/CO2 (60-40)4ION TRANSPORT PROPERTIESThe ion mobility is defined as the ratio of drift velocity (vi) of the ions and the reduced electricfield (E/p), in the absence of magnetic field, where E and p are the electric field and pressure

respectively; it is almost constant up to rather high fields being specific to a particular ion movingin a specific gas. Details may be found in refs. [15,17,24].Table 2 shows the ion-mobility at atmospheric pressure of some commonly encountered gasmolecular ions. In case of two numbers for mobility, the first one comes from the reference on theleft, the second from the one on the right.GasIonMobility[cm2/V.sec]Reference

ArAr+1.00

ArMethylal+1.51 iC4H10Methylal+0.55[38]

MethylalMethylal+0.26[38] iC4H410iC4H10+0.614

ArCH4+1.87[4]

CH4CH4+2.26[38]

ArCO2+1.72

CO2CO2+1.09[38]

C2H6C2H6+1.23,1.24[38]

CF4C2H6+1.04[2,4]

C3H8C3H8+0.793[2]

CF4CH4+1.06,1.07[2]

DMEDME+0.56[2,4]

CF4C2H6+1.04[3]

CF4C3H8+1.04,1.05[2]

CF4iC4H10+1.00[2]

ArCH4+2.07,1.87[2,4]

ArC2H6+2.06,2.08[2,4]

ArC3H8+2.08,2.07[2,4]

AriC4H10+2.15,1.56[2,4]

5DEPENDENCE OF THE TRANSPORT PARAMETERS ON POLLUTANTSThe presence of pollutants in the operating gas mixture affects the gas detector operation aswell. There are two effects: one is the modification of transport parameters and the second iselectron loss by capture due to electro-negative pollutants.

Table 3GasMixtureElectricField[V/cm]lp[cm]

Ar-CH4 (90-10)1505.1 10-2

Ar-CH4 (90-10)2503.4 10-2

Ar-CH4 (80-20)1001.6 10-2

Ar-CH4 (80-20)2002.9 10-2

Ar-CO2 (80-20)9.3 10-2

Xe-CH4 (90-10)~ 5007.8 10-2

References[1]L.B. Loeb, Basic processes of gaseous electronics. 1961, Berkeley: Univeristy of California Press.[2]H. Raether, Electron Avalanches and Breakdown in gases, ed. J.D. Craggs and J.M. Meek. 1964, London: Butterworths.[3]Electrical Breakdown in gases, ed. J.A. Rees. 1973, London: Macmillan.[4]S.C. Curran and J.D. Craggs, Counting tubes, theory and applications, London: Butterworths.[5]B. Rossi and H. Staub, Ionization chambers and counters. 1949, New York: McGraw Hill.[6] D.H. Wilkinson, Ionization Chambers and Counters. 1950: Cambridge.[7]S.A. Korff, Electron and Nuclear counters. 1955, New York: Van Nostrand.[8]O.C. Allkofer, et al., Spark Chambers. 1969, Munchen: Theimig.[9]P. Rice-Evans, Spark, Streamer, Proportional and Drift Chambers. 1974, London: Richelieu.[10]G. Charpak, Evolution of the Automatic Spark Chambers. Annu. Rev. Nucl. Sci. 20 (1970) 195.[11]F. Sauli, Principles of Operation of Multiwire Proportionl and drift chambers. CERN 77-07 (1977).

[12] F. Sauli, Principles of Operation of Multiwire Proportional and Drift chambers, in Experimental techniques in high energy physics, T. Ferbel, Editor. 1987, Addison-Wesley.[13]G.Charpak and F. Sauli, High Resolution electronic particle detectors. Annu. Rev. Nucl. SCi. 34 (1984) 285.[14]B. Sadoulet, Fundamental Processes in Drift Chambers. Phys. Scr. 23 (1981) 433.[15]F. Sauli. High Rate, Position Sensitive Radiation Detectors: Recent developments and Applications in Particle Physics, Medicine and Biology. in 8th Meeting Division of Particles and Fields of the American Physical Society. 1994. Albuquerque, University of New Mexico: World Scientific.[16]F. Sauli, Gas Detectors: Recent Developments and Applications. CERN-EP/89-71 (1989).[17]W. Blum and L. Rolandi, Particle detection with drift chambers, ed. F. Bonaudi and C. Fabjan. 1993: Springer-Verlag.[18]E.N. Lassestre, et al., J. Chem. Phys. 49 (1968) 2382.[19]S.F. Biagi, Nucl. Instr. and Meth. A283 (1989) 716.[20]B. Schmidt and K. Martens, HD-PY 92/02 (1992) (1992).[21]R. Bouclier, et al., Recent developments of the multidrift tube. Nucl. Intr. and Meth. A283(1989) 509.[22]F.F. Reike and W. Prepejchal, Phys. Rev. D A6 (1972) 1507.[23]D. Denisov, Nucl. Instr. and Meth. A306 (1991) 200.[24]G. Schultz, et al., Rev. Appl. Phys. 12 (1977) 67.[25]A. Sharma and F. Sauli. Operation of drift chambers with low mass gas mixtures. in 1993Nuclear Science Symposium and Medical Imaging Conference. 1993. San Francisco, California: IEEE Nuclear and Plasma Science Society.[26]A. Sharma and F. Sauli, Low mass gas chambers for drift chamber operation. Nucl. Instr.and Meth. A350 (1994) 470.[27]V. Cindro, et al., Nucl. INstr. and Meth. A309 (1991) 411.[28] J. Vav’ra, Nucl. Instr. and Meth. A 324 (1993) 113.[29]S. Uno, et al., KEK Preprint 92-129 (1992).[30]T. Alber, et al., 1994. Nucl. Instr. and Meth. A 349 56.[31]L.G.H. Huxley and R.W. Crompton, The diffusion and drift of gases. 1974, New York: Wiley.[32]V.Palladino and B. Sadoulet, Nucl. Instr. and Meth. 128 (1975) 323.[33]P. Segur, et al., Transport Theory and Stat. Phys. 1986. 705.[34]S. Biagi, MAGBOLTZ Transport parameters computation program(Data base for the cross sections of gases 30 gases)

Nucl. Instr. and Meth. A 273 (1988) .[35]F. Lacava, private communication 1995 unpublished,[36] A. Sharma, Thesis Doctorat No. 2818 University of Geneva, 1996[37]A. Breskin et al, Vienna WCC98 and references therein.[38]F. Sauli, to be published.[39]S.F. Biagi NIM A273(1988)533[40]D. Kaandorp Engg. Thesis, NIKHEF 1994[41]F. Angeline et al., NIM 343(1994)441[42]A. Sharma and F. Sauli NIM 334(1993)420[43] H. Sakurai et al.,NASA Preprint 91-114[44]I. Lehraus, et al., 84-6, CERN EF 89-8 (1984).[45]Y. Chiba, et al., Nucl. Instr. and Meth. A 269 (1988) 171.[46]M. Huk, et al., HD-PY 87/12 (1987).