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1. Introduction 

The need to reduce event occupancy in straw tube detectors at the Supercon- 

ducting Super Collider (SSC), has led to considerable interest in radiation hard, fast 

gases based on CF4. In addition, the need for improved momentum resolution in 

the central tracking chambers of future Phi, Tau-charm or B factories has lead to the 

study of low mass gases with reduced multiple scattering based on Helium. 
L -- 

We are primarily interested in parameters such as drift velocity and single electron 

longitudinal diffusion. These quantities can be used, for instance in drift chamber 

simulation programs to predict resolution for a particular geometry, or as input to 

obtain the cross sections for an electron transport theory, or simply to check result 

of the theoretical predictions of existing electron transport computer codes. In this 

paper we concentrate on the latter point. It should be noted that existing codes either 

do not- contain parameters of gases such as CF4 or dimethyl ether (DME) or have 

them parametrized poorly (DME gas was considered as a quencher). 

In addition, we are also interested in the single electron pulse height spectra, 

the characteristic electron energy and cathodic breakdowns, since these tend to re- 

veal underlying problems related, for instance, to an incorrect operating point or an 

insufficient amount of quencher in the mixture. 

We found that CF4-based gases often have impurities which can attach the drift- 

- ing electrons, resulting in loss of signal. Therefore, it was important to study how 

to purify such gases and to determine whether their wire aging was correlated with 

these impurities. We have also performed wire aging studies on two types of He-based 

gases,.one where the electrons heat up (i.e., become more energetic) and one where 
. 

they are relatively cool (i.e., are close to thermal energies). 
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Many studies have found it necessary to add water to the gas m ixtures in order 

to prevent or lim it the wire aging [1,2]. Therefore we have studied the effect of water 

addition on the drift velocity and longitudinal diffusion. 

It has been suggested [3] that electron diffusion near the anode wire is an impor- 

tant contribution to the tracking resolution. Since electrons in the He gas m ixtures 

tend to heat readily in high electric field, we have decided to study this question in 

s&Ii-gases. 

In summary, we present an integrated look at the He and CF4 gas m ixtures, 

which includes measurements of drift velocity, longitudinal single electron diffusion, 

characteristic electron energy as a function of electric field, single electron pulse height 

spectra, operating gain, relative cathodic breakdowns in different gases, effect of water 

addition on the drift parameters, impurity problems in the CF4-based gases and 

diffusionnear the wire in He-based gases. We also present some results on wire aging. 

The results presented for the CF4 -based gases are a continuation of a previous R&D 

program  related to straw tube detectors [2]. 

2. Description of experim ental apparatus 

The drift velocity, longitudinal diffusion and pulse height spectra refer to single 

electrons in this paper. Measurements were made using the experimental setup shown 

in fig. 1. A  Nz-laser [4] b earn was reflected by two m irrors into a stationary drift cell 

-through a quartz lens of 10 cm focal length. The focal point was in the m iddle of 

_ active drift volume. The position of the second m irror could be controlled using a 

stepper motor [5] allowing the laser beam position to be moved in precisely known 

steps; .-A portion of the laser beam was reflected to a photodiode [6] which was used 

as a reference start for the tim ing measurements. To ensure that we were dealing 
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with single electrons the probability of having an event per laser shot was set to less 

than 10% by attenuating the laser beam. 
I 

The drift cell was made of two sections: a drift region made of equally spaced 

stainless steel rings and a gain region containing a 20 m icron gold-plated anode wire 

surrounded by a nickel plated cathode [7]. Th e g ain and the drift regions were sepa- 

rated by a stainless steel foil which had a 330 m icron diameter hole allowing electrons 

tokzter the gain region. The purpose of this restriction was to ensure that the tim - 

ing spread due to the collection geometry would not affect the tim ing spread due to 

diffusion. Moreover, we could change the drift field without affecting the gain and 

vice versa. 

When measuring the longitudinal and transverse diffusion one cannot measure 

only one and switch off the other. Generally larger transverse diffusion influences the 

measurement of the longitudinal diffusion. Our restrictive geometry is less sensitive 

to these effects, because it reduces tails of charge collection, The total length of the 

drift region was about 35 m m . The spacers between the stainless steel rings had a 

small opening for the laser beam allowing a typical step of 5 m m  between two laser 

positions. The closest anode wire to cathode distance was about 1.4 m m , and the 

anode wire to the hole distance was about 2.85 m m . 

The drift field was defined by the potentials VL and VH (fig. 1). The resistor 

-chain provided voltages to the individual stainless steel rings. The maximum drift 

field was typically 2 kV/ cm a / t m  and was lim ited by either the 10 kV power supply 

lim it or a cathodic breakdown in the drift structure. To m inim ize the effect of the 

resistor voltage coefficient, we used five resistors in series between each stainless steel 

ring (the voltage drop per resistor is smaller). The value of each resistor was 10 M R . 
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T h e  g r o u p s  o f f ive resistors w e r e  se lec ted  empi r ica l ly  a t fu l l  o p e r a tin g  vo l tage  to  b e  

accura te  to  0 .2 %  o f e a c h  o ther .  

T h e  w i re  g a i n  w a s  c o n tro l led by  th e  p o te n tia ls  V c  a n d  V L  . Typical ly ,  th e  g a i n  

w a s  k e p t f ixed a n d  th e  drift fie l d  va r ied  by  c h a n g i n g  th e  V H  vo l tage  in  smal l  steps.  

T h e  V c - V L  vo l tage  d i f fe rence w a s  k e p t constant  a t 3 0 0  V o l ts. 

W e  h a v e  u s e d  a n  ampl i f ie r  f rom th e  C R ID d e tector  o f th e  S L D  e x p e r i m e n t [8 ] to  

d e & t th e  s ing le  e lec t ron  ava lanches .  T h e  ampl i f ie r  o u tp u t w a s  spl i t  us ing  a  L R S - 6 1 2  

p o s t-ampl i f ier  a n d  th e  two o u tp u ts w e r e  d isc r imina ted  a t two di f ferent th resho ld  lev-  

els.  B o th  s igna ls  w e r e  th e n  d ig i t ized s e p a r a te ly  in  a  L R S  T D C - 2 2 2 8 . Th is  p rocedu re  

a l l owed  a n  o fflin e  cor rect ion fo r  tim e  s lew ing  to  b e  app l i ed  as  i l lustrated in  fig . 2(a) .  

F igu re  2 (b )  h  s  o w s  th a t th e  to  d is t r ibut ion is G a u s s i a n  e v e n  th o u g h  th e  d is t r ibut ion 

o f th e  tr a n d  t2  var iab les  te n d  to  h a v e  tai ls. Th is  te c h n i q u e  works  wel l  fo r  ou r  app l i -  

ca t ion  w h e r e  w e  d e a l  wi th s ing le  e lec t rons a n d  th e  no rma l i zed  pu l se  s h a p e  is a lways  

th e  s a m e . It d o e s n ’t work  wel l ,  genera l ly ,  fo r  drift c h a m b e r s  w y h e r e  th e r e  a re  m a n y  

e lec t rons pe r  pu l se  a n d  th e  a v a l a n c h e  fluc tuat ions c a u s e  a  r a n d o m n e s s  in  th e  pu l se  

s h a p e s . T h e  to  d is t r ibut ion w a s  fitte d  to  extract a  m e a n  a n d  s i g m a  fo r  e a c h  laser  step. 

T o  cover  th e  fu l l  r a n g e  o f drift ve loci t ies a n d  d i f fus ion va lues  w e  u s e d  two di f ferent 

T D C ’s a n d  se lec ted  2 .5 , 1 .0 , 0 .5  a n d  0 .2 5  ns /TDC bin.  It w a s  impor tan t  to  ca l ib ra te  

th e  T D C  wi th de lay  l ines to  avo id  systemat ic  errors.  T h e  drift veloci ty  w a s  ca lcu la ted  

us ing  a  l inear  fit to  th e  m e a n  va lues  as  a  fu n c tio n  o f d is tance,  th e  d i f fus ion us ing  a  

- l inear  fit to  th e  u 2  va lues  as  a  fu n c tio n  o f d is tance.  

W e  m e a s u r e d  th e  s ing le  e lec t ron  pu l se  h e i g h t spect ra  us ing  a  L R S  Q V T - 3 0 0 1  

o p e r a te d  in  th e  q - m o d e  wi th a n  in terna l  4 5 0  ns  g a te  width.  In  o rde r  to  es t imate  th e  

w i re  g a i n  w e  h a v e  ca l ib ra ted  th e  Q V T  spec t rum by  in ject ing c h a r g e  in to th e  ampl i f ie r  
. 

i n p u t. W e  fitte d  th e  s ing le  e lec t ron  pu l se  h e i g h t spect ra  wi th a  P o l y a  fu n c tio n  a n d  
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estimated the mean “visible” gain from the fit. We also applied a cut on small pulses 

near the pedestal typically below 2-4 fC, to avoid a region near the threshold of the 

internal gating circuit. This procedure was checked periodically by either varying 

the cut or by switching to an external gating method. A correction to get the total 

wire gain was calculated using a knowledge of the QVT gate width, mobility of 

positive ions [9] and known time development of the charge, assuming for simplicity 

a cy_lindrical geometry [lo]. Th e correction was found to be typically about 1.6. 

The whole process was controlled by a Macintosh IIcx with a Bergoz MAC-CC 

controller coupled to CAMAC and GPIB interfaces. The GPIB interface controlled a 

Keithley Digital Multi-meter #196 which monitored various analog voltages and resis- 

tances [ll]. The system measured gas temperature [12] and barometric pressure [13] 

to allow a calculation of E/p and correct it to 298 deg C and 1 atm = 1013.6 mb. 

In addition we monitored oxygen [14] and water concentration [15]. The software 

was based on MAC-UAl software [16], and included improvements to allow online 

fitting to linear, Gaussian and Polya functions. The measurement operation was com- 

pletely under computer control, including the laser beam positioning, voltage control 

of Bertan power supplies, etc. The typical event logging rate was 20 Hz. 

Generally we obtained bottles of premixed gas, but in the case of Helium/DME, 

the mixing was performed using two mass flow controllers [17]. It was essential to 

calibrate the mass flow controllers using a bubble flow meter. We used an Oxisorb 

filter and a 13X molecular sieve during all measurements to remove the oxygen and 

-water. When using these filters, the oxygen and water concentrations were typically 

below 5 and 10 ppm, respectively, monitored downstream of the drift chamber. For 

some special tests we added small amounts of water to the gas using a permeation 

tube-technique [18] in which the water permeates, at a temperature-dependent rate, - . 
through the teflon walls of the tube into the surrounding gas flow (this process could 
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be accelerated by heating). We could add up to about 1000 ppm of water to the gas 

with this technique. 

The errors plotted on the drift velocity and the longitudinal diffusion graphs are 

statistical only, and are determined to be less than 1% and 3-lo%, respectively. The 

systematic errors are estimated to be at a level of about 3%. These errors are related 

to the gas ratios, TDC calibration, geometrical effects, etc. 
I -- 

3. Results 

3.1 Comparison with existing data and models 

The first task was to verify that the apparatus reproduced existing measurements. 

Figure 3 shows such comparison for a 50% Ar •t 50% &He gas. One can see that 

our drift velocity data agree with other data [19] shown on fig. 3(a). Figure 3b shows 

that .our longitudinal diffusion data are half way between the data of Wong et al. [20] 

and Fehlmann [21], consistent with the point of Jean-Marie et al. [22], and are lower 

than the data of Piuz [23]. The solid curve is a l/a fit to our data (the first 

8 points used to constrain the fit). The l/a is expected for thermal electrons (with 

energy = IcT, where k is the Boltzmann constant, T is the absolute temperature). To 

illustrate the results of calculations based on modern electron transport theory, we 

show three examples: (a) the dot-dashed curve in fig. 3b, which is the second-order 

solution to Boltzmann equation due to Biagi [24,26]; (b) the dashed curve which is 

- the first-order solution to Boltzmann equation based on a calculation of Fraser and 

Mathieson [27]; (c) and the dotted curve which is a calculation using the computer 

program WIRCHA [28]. The best agreement with our data is given by the Biagi’s 

calculation using his program MAGBOLTZ. This program follows an algorithm given . 

by Huxley and Crompton [29], with the addition of ionization and attachment collision 

7 



- 

I- . . Se’ . . 

cross  sect ions , Our data were not part of the elec tron-gas c ross  sect ion fitting. W e 

will return to discuss  model comparisons in the sect ions  below. 

3.2 Drift ve loc ity  and longitudinal difus ion in CFd-based gases 

W e found that many of our CF4 -based gas mix tures [30] were s ignificantly con- 

taminated. The result of this  contamination was that a typ ica l elec tron drift dis tance 

was les s  than about a centimeter, preventing any useful measurements. None of the 

usual c leaning techniques  involv ing O x isorb or molecular s ieve helped. F inally , we 

found a reliable way to c lean these mix tures, us ing a Nanochem filter [31] se lec ted to 

remove halogen impurities  such as Freon-11. None of the He-based mix tures showed 

such problems. DME can also have contamination problems; however, in our case, 

we used a c lean DME gas from S. Majewski [32]. 

CF4 can be operated without any quencher provided that one keeps the wire 

gain below about lo6 operating in the s ingle elec tron mode (chap. 3.6). However, - 
it is  safer to add a quenching gas to CF4 in experimental applications. Results  for 

CH4, i&H10 and DME quenchers are shown in fig. 4. One can see that even a small 

admixture of DME (5?7’) o re d uces the drift ve loc ity  considerably . F igure 5(a) shows 

that our CF4 drift ve loc ity  data agree well with results  of Schmidt [33], but not 

as well with results  of Chris tophorou [34] and Hunter [35]. At higher elec tric  fields  

the discrepancy among published data is  larger, as can be seen in fig. 5(b), which 

shows our data along with data of Hunter et al. [35] and Naidu and Prasad [36]. 

-Because of these discrepancies , there is  some uncertainty in extracting reliable CF4 

elec tron scattering c ross  sect ions  [25]. C onsequently, the present vers ion of the CF4 

parametrization in the Biagi code [24] d oes not give very  good agreement with our 

drift -veloc ity  data for 80% CF4 $ 20% i&H10 gas mix ture [fig. 4(a)]. Again, one 
- . 

should point out that our data were not used in the calcu lation to obtain this  curve. 
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W e hope that the addition of our data into the elec tron-gas c ross  sect ion fit might 

help to resolve this  problem, at leas t in the lower elec tric  field region. O ther available 

computer programs do not have the CF4 molecule parametrized. 

W ater has been found to prevent or at leas t impede wire aging in the s traw 

tubes [1,2]. Th ere ore it was of some interes t to measure the effec t of water addition f 

on the drift parameters for a potential s traw tube gas candidate. Although we do not 

seea- noticeable effec t on the longitudinal diffus ion, we do see an effec t on the drift 

ve loc ity . For ins tance, the drift ve loc ity  changes by about 6.3% per 1000 ppm water 

addition at a drift field of 1.5 kV/ cm a m in 80% CF4 + 20% iC4Hrc gas [fig. 6(a)]. / t 

However, one should remember that this  change depends how c lose we are to the drift 

ve loc ity  plateau, as can be seen in the case of 50% Ar + 50% C2H6 [fig. 6(b)]. The 

longitudinal diffus ion is  relative ly  insensitive to the water addition as can be seen in 

fig. 6(c). 

9.3 Drift ve loc ity  and longitudinal difus ion in He-based gases 

Generally the He-based gases have quite low drift ve loc ities . The s ingle elec tron 

diffus ion begins  to be quite acceptable if the amount of a quencher approaches about 

15-20% [37]. W  e h ave chosen several He-based gas mix tures cover ing both the les s  

quenched and better quenched gases. F igure 7 shows our results  with 95% He + 

5% &He and 50% He + 50% &He. The former gas has been used in the parallel plate 

amplification chambers [38]. One can see an excellent agreement between our data 

-and the calcu lations  of Biagi [24,26]. Th e a g reement with the program W IRCHA [28] 

is  poor. F igure 8 shows our data for 93% He + 7% CsHs.  This  gas has been used 

in the TASS0 drift chamber in a special tes t run [39]. The data departs from the 

l/a--behavior which means that the elec trons depart from thermal behavior. One _ . 
can see an excellent agreement with Biagi’s  ca lcu lation, F igure 9 shows our data for 
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78% He i-15% CO2 t 7% iC4Hls. Again, there is a clear indication that the gas is not 

thermal. There is reasonable agreement with Biagi calculation and only slightly worse 

agreement with the WIRCHA program. The overall conclusion is that for He-based 

gases with standard quenchers, the Biagi code is reliable and there doesn’t seem to 

be a further need to measure more such gases in our apparatus. 

Figure 10 shows our data for He/DME mixtures. One can see that the drift 

velo_city agrees only to within about 6-7% and the longitudinal diffusion disagrees 

even more. Our data were not part of the electron-gas cross section fitting yet. To 

help constrain the DME electron-gas cross section in future calculations, we have also 

measured the DME alone (fig. 11). The MAGBOLTZ program predictions agree with 

our data to about 5%. For comparison we show also the data of M. Basile et al. [40] 

and Cottrell et al. [41]. The Cottrell data were part of the cross section determination. 

The maximum drift E/p in figs. 7-11 varies from gas to gas and is limited in our 

apparatus by cathodic breakdowns (chap. 3.5). One needs a surprising amount of 

DME quencher (about 15-20%) to get both low diffusion and eliminate the problems 

of cathodic breakdowns. Even so, such DME gas mixtures are not as effective in 

preventing breakdown as, for example, 78% He •t 15% CO2 + 7% i&HI0 (see table 1 

for the breakdown limits). This gas was also studied in a large tracking chamber by 

a group using an old Mark II prototype at SLAC [42]. Recently, other groups have 

also performed studies with He-based gases [37,43]. 

_ 3.4 Characteristic electron energy 

The characteristic electron energy [44] is a useful quantity for estimating how 

much a drifting electron heats up. The quantity is defined as follows: 

..- -_ 
&L,T 

e&T eDL,TE . z-z 
P v 

1 kT 2 0.025 eV 
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where 

DL,J- = diffusion constant (longitudinal, transverse) 

P = electron mobility 

Y = electron velocity 

k = Bolzmann constant 

L -- E = electric field 

Figure 12 shows the longitudinal characteristic energy as derived from our mea- 

surements of the longitudinal single electron diffusion, One clearly sees that He-based 

gases with low amount of a quencher heat up very quickly even at very low values 

of E/p. The CF4 -based and DME gases are near thermal up to 2 kV/cm/atm (see 

figs. 4(b) and 12). Table 1 shows results of fits of a quadratic function to our mea- 

surements of the longitudinal characteristic energy. 

9.5 Cathodic breakdowns 

This measurement was done by keeping the Vc and VL voltages constant and 

varying the VH voltage, thus keeping the wire gain constant and varying the drift field. 

At large enough drift field, the VH power supply would trip off. The trip off voltage 

was gas dependent and table 1 shows a summary of maximum drift field E/p values. 

Figure 12 shows that the drifting electrons did not reach ionizing energies in the drift 

-structure. Therefore the breakdown occurred somewhere on the imperfections of the 

stainless steel electrodes or the divider chain. Although the theory of breakdowns is 

more complicated [45,46], one clearly notices in case of the He-based gas mixtures 

a simple correlation between the breakdown voltage and size of the b constant in 

our-data presented in table 1. The larger the b constant, the more readily can the 

electrons obtain large ionizing energies in a field of a sharp point. 
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From a practical point of view, when designing a large tracking chamber with 

many wires with for instance 95% He + 50/o C2H6 gas, one may risk possible break- 

down problems unless the field wires are appropriately large and without surface 

defects. For such applications we would recommend using at least 15-20% of some 

quenching gas to guarantee a reliable operation; in addition, one will have also much 

lower diffusion. However, under appropriate conditions, such as with good wire sur- 

face: and low surface gradients, operation is possible with less quenching gas, as 

demonstrated by the Tasso group which used the 93% He + 7% CsHs gas with their 

large chamber [39]. 

One should also mention that in parallel plate chamber applications at normal 

pressure one finds it advantageous to have a gas such as 95% He $ 5% C2H6 [38], 

because one achieves operating gains at lower operating voltages. But one must be 

careful designing the chamber near the edges and high voltage entry points to prevent 

the unwanted breakdowns. 

3.6 Pulse height spectra, wire gain and poor quenching 

The study of pulse height spectra initiated by single electrons is useful not only 

from  the theoretical point of view, but also to reveal problems such as insufficient 

quenching. Such problems can cause very broad single electron pulse height spectra 

which, in turn, can worsen dE/dx resolution in the tracking chamber and cause after- 

-pulsing, or even wire aging, since such behavior will increase the total wire charge 

dose. We have used the following parametrization of the Polya function [47-511 to fit 

our data: 

..- -_ p(q) 2 (1 $0): ’ e-(1+e)(e/3 1 1 
12 
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where 

!7 = no. of elec trons in avalanche 

ij= mean no. of elec trons in avalanche 

One should s tress that this  equation is  based on a theory which inc ludes  ionization 

by elec tron impact only ; secondary processes tak ing place in the gas or at the cathode 

are neglec ted. W hen secondary processes become s ignificant, multiple avalanches 

can*occur [53]. An example of the physica l origin of such secondary avalanches is  

photoeffect at the cathode. The c lose proximity  of the nicke l plated cathode to 

the sense wire in our geometry may help to enhance the multiple avalanche effec t 

compared to a more open geometry. 

The exact physica l s ignificance of the parameter 0 is  not c lear. But if the param- 

eter 19 is  zero the function becomes the Furry exponential law. One typ ica lly  observes 

such exponential dependency at low d/p in the avalanche region, i.e., low wire gains . 

If 9 is ’positive, one obtains  a peaked dis tribution. F igure 13 shows some examples  

of our measured s ingle elec tron pulse height spectra for several gases. Table 2 shows 

the summary of the Polya fits , inc luding the mean v is ible wire gain in var ious  gases, 

surface field on the 20 pm diameter anode wire and chi-sq./degree of freedom as a 

measure of quality  of the fit. As we s tated in chapter 2 the pulse height region near 

the pedestal (below 2-4 fC of s ignal charge) was not used in the fit. 

One can also see that several He gas mix tures y ield a negative 8. This  behavior 

_ is  connected with excess ive tails  in the pulse height dis tributions . F igure 14(a) shows 

one such example from our data us ing 95% He $ 5% C2H6 gas. The data were taken 

with the QVT gate width of about 450 ns to integrate multiple pulses.  

It has been suggested by Legler [52] that such a tail may be assoc iated with 
. 

“avalanche breeding” (primary avalanche followed by secondary avalanches). Byrne 
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et al. [53] have tested this theory in a tube detector operating with 90% Ar $ 10% CH4 

gas at a low pressure of 80 mm Hg. Their E/p in the avalanche region was between 

144 and 166 V/cm/T err and the wire gain between 7 x lo3 and 4.3 x 104. Figure 14(b) 

clearly indicates that at larger E/p the pulse height spectrum develops an excessive 

tail. It was suggested that the amount of methane used was not sufficient to quench 

UV photons from the argon atoms entirely and a chain of avalanches developed. 

Therefore we argue that also in our measurements of the He gases when we see 

negative 6, there is an insufficient amount of quenching. We have tested the gases 

having negative 8 at as low gain as possible to try to reduce this effect to its minimum. 

Also, this effect can be seen in the He + DME mixtures where we varied the mixing 

ratio. The 0 changes from negative to positive as the amount of DME quencher is 

increased. Figure 15 and Table 2 show this dependency. One needs at least 12-15% of 

DME to-quench the He gas according to this criteria. This correlates with the cathodic 

breakdowns we have reported earlier. B. Schmidt et al. [43] independently found that 

10% of DME quencher in the He gas is not enough to prevent these secondary effects. 

The two other relatively better-quenched He-based gases, 50% He $ 50% C2Hfj and 

78% He t 15% CO2 + 7’Y’ ‘C H o 1 4 10, have 8 equal 0.287 f 0.019 and -0.031 f 0.019, 

respectively. One may argue that the amount of quencher in the second gas should 

not be reduced since 19 is near zero. The CF4 gas behaves well, but it does exhibit 

_ a distribution having negative 8 if the wire gain is larger than about 106. It should 

be noted, that the fits with negative 6’ are generally of worse quality, indicating 

that equation (2) is probably not the completely correct function to describe the 

underlying physical process of multiple avalanches. Nevertheless, we have found this 

parametrization quite useful in recognizing poor avalanche quenching. 
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9.7 Difusion near the anode wire 

Near anode wire diffusion has been discussed by F. Villa [3] in connection with 

DME and the question how to achieve the best possible tracking resolution, He has 

pointed out that since the characteristic electron energy increases as a function of elec- 

tric field at least quadratically (see table 1), one could have a significant contribution 

due to the diffusion near the anode wire. 
I -- 
We will discuss two gases, 78% He $15010 CO2 + 7% iC4Hlo and CF4. The first 

gas was chosen because the He-based gases can become nonthermal more quickly. Is 

this an important factor in the final tracking resolution? Do we have to choose the 

operating point carefully to lim it this contribution? The CF4 gas was chosen because 

it is well known [54] that it absorbs electrons if they reach about 6-7 eV where the 

attachment cross section has a maximum. Would this show up in measured resolution 

at large-wire gains because the avalanche charge fluctuates more (in addition to an 

effect of electron loss)? 

Figure 16(a) shows schematically our measurement of diffusion for various dis- 

tances from  the wire. The linear curve through our data points can be extrapolated 

to the origin z = 0, i.e., the wire position, and we can predict an offset a2(x = 0). 

Because we are dealing with single electrons only, there are three contributions to 

a(s = 0); namely a contribution due to the laser induced spot size, the electronics 

resolution and a contribution due to the near wire diffusion. The laser induced spot 

size was estimated to be less than 20 pm (sigma). The electronic resolution contains 

- mainly its slewing response to avalanche fluctuations. To estimate the electronics 

contribution we injected at the input of the amplifier charge pulses of different ampli- 

tudesrepresenting a typical range of single electron pulse heights. From the observed 

time spread and the known drift velocity in the drift region one can then estimate the 

15 



-  

.  .  .  .A- . -  .  .  

elect ron ics c o n tr ibut ion to  a (z  =  0 )  [fig . 16 (b )  a n d  (c)l, W e  h a v e  c h o s e n  a  l ow  drift 

fie l d  ( 2 0 6  V / c m  a n d  1 0 2  V / c m , respect ive ly)  in  o rde r  th a t th e  drift veloci ty  b e  smal l  

a n d  resu l t ing e lect ron ics c o n tr ibut ion to  th e  fina l  e r ror  in  a (x  =  0 )  a lso  b e  smal l .  

T h e  laser  i n d u c e d  s p o t s ize a n d  th e  e lect ron ics c o n tr ibut ions a l o n e  c a n n o t exp la in  

th e  d a ta  a n d  w e  n e e d  s o m e  a d d i tio n a l  e ffect  to  exp la in  th e  s ize o f a (x  =  0).  T h e  

n e a r  w i re  d i f fus ion c a n  exp la in  th e  d isc repancy  as  w e  wi l l  s e e  in  th e  fo l l ow ing  s imp le  

calcn lat ion.  

T o  ca lcu la te  th e  n e a r  w i re  d i f fus ion w e  h a v e  u s e d  two m e th o d s . In  th e  case  o f 

7 8 %  H e  $ 1 5 %  C O 2  i- 7 Y  C  H  o  i 4  1 0  w e  u s e d  ou r  m e a s u r e m e n t o f character is t ic  e n e r g y  

as  a  fu n c tio n  o f electr ic fie l d  ( tab le  1 )  a n d  ex t rapo la ted  it to  very  l a rge  fie lds  n e a r  

th e  wire.  W e  s tepped  in  x  =  1 0  m icron inc rements  f rom th e  p in  h o l e  to  th e  a n o d e  

wire,  a n d  ca lcu la ted  a  c o n tr ibut ion to  th e  s ing le  e lec t ron  long i tud ina l  d ispers ion  a t 

e a c h  s tep acco rd ing  to  th e  fo r m u l a : 

d  2 & L X  
a L =  - 

E  (3)  

In  case  o f C F 4 , w e  u s e d  a  k n o w n  character is t ic  e n e r g y  a t very  l a rge  fie lds  as  m e a s u r e d  

by  N a i d u  a n d  P rasad  [3 6 ], a n d  to o k  th e  l iberty to  u s e  the i r  t ransverse character is t ic  

e n e r g y  wi th ou r  long i tud ina l  m e a s u r e m e n t ( see  fig . 1 7  fo r  th e  po l ynomia l  fit u s e d  in  th e  

calculat ion) .  In  th is  case,  w e  s tepped  in  t =  1 0 0  psec  increments ,  a n d  eva lua ted  (4)  in  

e a c h  step, us ing  th e  d i f fus ion c o e fficient D L  prev ious ly  eva lua ted  us ing  e q u a tio n  (1): 

(4)  

.-@ suits o f th is  ana lys is  a re  s h o w n  in  fig . 16 (b )  a n d  (c) w h e r e  w e  vary  th e  g a i n  o n  . 
th e  w i re  wh i le  k e e p i n g  th e  drift fie l d  constant  a t 2 0 6  V /cm /a tm  a n d  1 0 2  V /cm /a tm , 

1 6  



respectively. One can also see that the 0(x = 0) does not vary over a practical range 

of gain variation, indicating that the near wire diffusion is not very sensitive to the 

gain setting. However it is interesting to see that the near wire diffusion may indeed 

dominate the single electron offset a(s = 0). 

If n primary electrons enter the avalanche, then the near wire diffusion contribu- 

tion gets reduced by a factor of 6, provided that they arrive together within the 

res$ution time. For large enough n and/or at large drift field, the electronics reso- 

lution will dominate a(x = 0). Therefore, in practice the near wire diffusion may be 

important only for applications where the ultimate resolution is wanted. 

Clearly, the limitation of this analysis is the lack of exact knowledge of EL near 

the wire. In addition, we have not treated the problem as a three-dimensional Monte 

Carlo (possibly using the Biagi program output), but only as one-dimensional nu- 

merical calculation. This is, perhaps, why there is a small disagreement between the 

calcu.lation and measurement. 

5.8 Wire aging 

The wire aging study was performed in an apparatus described previously [55]. 

For these tests we used copper tubes of about 1 cm diameter with a 50 pm diameter 

gold-plated tungsten sense wire. 

Wire aging in CF4 -based gases has -been discussed in more detail previously 

[1,2,56,57]. T o our surprise, we observed a significant aging rate for pure CF4 gas as 

-one can see in fig. 18(a). The wire gain drops by more than lOO,OOO%/C/cm in the 

first few mC of a charge dose. This was not expected since we did measure very low 

aging rates with mixtures such as 80% CFq $ 20% i&H10 [1,2,56]. We were therefore 

motivated to include the Nanochem filter to clean the gas, to see if the Nanochem 

filter had the same beneficial effect upon the wire aging as it seems to have on the 
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mean drift length due to electron attachment as discussed in chap. 3.2. As shown in 

fig. 18(b), th ere was no significant improvement in the aging rate. 

We selected two types of He-based gases for the wire aging, 95% He $ 5% &He 

in which the electrons heat up easily, and the second was 78% He + 15% CO2 + 

7% iC4Hro which is better quenched. Figure 19 shows the results. The wire aging 

rate in 95% He $ 5% C2He gas is consistent with zero having a measured value of 

O.l&O.l%/C/ cm. However, a moderate wire aging was observed in the gas 78% He t 

15% CO2 $ 7% iC4H10, where we obtained 30 f 0.2%/G/cm. 

Why the CF4 gas results in aging and the 80% CF4 •t 20% iC4H10 gas does not, 

is not understood and indicates a lack of some knowledge of details of the avalanches. 

For example, the electron energy may be sufficiently different, with and without 

iC4H10, that the rate of polymerization processes is affected, or some chemistry in- 

volving the i&H10 may suppress the deposits which occur with pure CF4. 

The Biagi MAGBOLTZ [24] p ro g ram seems to reproduce our data and it is be- 

lieved to do a reasonable job at even higher electric fields [26]. We have decided to 

use it to try to predict the electron average energy as high as 100 kV/cm for all four 

types of gases used in our wire aging test. The aim was to quantify average electron 

energies very near the wire. The result of this calculation is shown in fig. 20. One can 

notice that the iC4H10 component in the 80% CF4 $ 20% i&H10 mixture tend to 

cool down the electrons somewhat. On the other hand, the electrons in both He-based 

gases are hotter than for the CF4-based gases. 

It is well known that the CF4 molecule can absorb an electron and dissociate 

to form F- and CF, negative ions together with F*, CFS and CFQ radicals. The 

probability for this process peaks at an electron energy of about 6-7 eV [34], i.e., 
__ ..- 

the &ocess ‘occurs only very near the wire. The i&H10 admixture will tend to lower 
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the average electron energy in the avalanche as one can see in fig. 20, and therefore 

it will reduce the probability of the negative ion formation. The negative ions will 

tend to drift towards the anode wire. It is presently unclear why this mechanism 

will produce a different rate of wire aging between the two above mentioned CF4- 

based gases. One possibility is that in case of 80% CF4 + 20% iC4H10 the iso-butane 

serves as a material on which the fluorine and fluorocarbon radicals react and the 

resulting products tend to be volatile. This hypothesis was mentioned in connection 

to an ability of some CF4 gas mixtures to etch away the previously created aging 

deposits [58]. Apparently, this mechanism is absent in case of CF4 gas alone and the 

anode wire is coated, or its surface reacts to form a nonconducting metal fluoride [59]. 

On the other hand, the electrons in the 95% He + 5% CzHs gas mixture tend to be 

much hotter, as one can see in fig. 20. Perhaps, they can destroy any polymerization 

product and resulting species are volatile. 

More work in this area is needed to understand the process of wire aging. But 

it is of some interest to introduce the electron transport program into the wire aging 

problem to start quantifying some of the parameters involved. 

4. Conclusions 

To summarize our results: 

(a) We have measured drift velocity and longitudinal single electron diffusion in 

CF4 and He-based gases. Using this data, we have calculated the characteristic 

electron energy as a function of electric field. While CF4 gases are nearly 

thermal up to at least 2 kV/ cm a m, / t the He mixtures show larger diffusion 

unless about 15-20%.of quenching gas is used. 

(bk.Addition of 5% of DME to CF4 slows it down considerably, more so than 20% of 
A . 

iC4H10. 
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(c) The CF4 -based g ases are prone to contain impurities resulting in electron at- 

tachment. The use of a Nanochem filter can solve this problem. 

(d) Wire aging in CF4 gas without any additive is surprisingly fast. The Nanochem 

filter does not help in this case. We found negligible wire aging in the 95% He + 

5% C2H6 mixture and only moderate aging in 78% He $15% Co2 $7% iC4Hlo. 

(e) We have measured single electron pulse height spectra and wire gains in the 
L we 

CF4 and He-based gas mixtures. Some He-based mixtures with a small amount 

of quenching gas indicate the presence of excessive number of larger pulses in 

our geometry. This effect shows up as a negative 19 variable in equation (2). 

(f) CF4 alone quenches well in a single electron mode up to gains of about 106. 

(g) We have studied the influence of water on the drift velocity and diffusion. The 

drift velocity changes by about 6.3% per 1000 ppm water addition at a drift 

field of 1.5 kV/ cm a m in 80% CF4 t 20% iC4H10 gas. / t 

(h) The electrons in the He-based gases tend to be “hot” even at modest electric 

fields if the amount of quenching gas used is small, and this is also associated 

with lower cathodic breakdown voltages. 

(i) The near wire diffusion is not very sensitive to the gain setting. However, it 

may indeed dominate the single electron offset a(a: = 0) in some gases. It may 

be important only if one wants to achieve the ultimate tracking resolution, but 

in most practical cases, it is not a serious concern. We have not found a serious 

effect of near wire diffusion for CF4 at high gains. 

(j) We found an excellent agreement between our drift velocity and longitudinal 

-_. diffusion data and the second-order solution to the Boltzmann equation of Bi- .- . 
agi [24]. However, the predictions involving the CF4 and DME gases are worse 
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than those for other gases, probably due to inconsistencies in existing CF4 and 

DME data. 

(k) Among the gases we have studied in this paper, we would presently choose 

80% CF4 + 20% iC4Hlo as a fast gas candidate, and 50% He + 50% &He or 

80% He + 20% DME or 78% He + 15% CO2 $ 7% iC4H10 as low mass gas 

candidates for the large tracking chambers. We would not reduce the amount 

I e- of quencher in the last gas. 
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Table 1. Fit to characteristic energy &L and maximum drift field achieved 

before breakdown. 

50% Ar $ 50% C2H6 

95% CF4 + 5% DME 

80% CF4 + 20% C4H10 
9!jb CF4 + 10% CH4 

loo-‘0 DME 

50% He + 50% C2H6 
100 % CF4 

78% He + 15% CO2 + 
7% C4H10 

86.5% He + 13.5% DME 

92.9% He + 7.1% DME 

93% He + 7% C3Ha 
96.4% He + 3.6% DME - 
95% He + 5% C2H6 

0.045 f 0.0008 
0.028 f 0.0014 

0.029 f 0.002 

0.049 f 0.0009 

0.017 f 0.003 

0.034 f 0.0003 

0.024 f 0.0008 

0.026 f 0.0004 
0.024 f 0.0005 

0.030 f 0.0007 
0.041 f 0.001 

0.028 f 0.001 

0.063 f 0.003 

0.032 f 0.003 
0.012 f 0.002 

0.004 f 0.002 
0.013 f 0.003 

0.0053 f 0.0012 

0.044 f 0.0015 

0.0072 f 0.003 

0.044 f 0.002 1.45 

0.075 f 0.003 1.05 

0.117 f 0.005 0.8 

0.269 f 0.018 0.7 

0.195 f 0.011 0.58 

0.282 f 0.029 0.55 

> 2.0 
> 2.0 

> 2.0 

> 2.0 

> 2.0 

> 2.0 

1.7 

..- -_ 
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Table 2. Summary of Polya fits to single electron pulse heights. 

Mean 
Approx. Visible 

Gain 
GAS [G] [k$m] q e X2bD 

50% Ar + 50% C2HfJ -1.5 311 5.0 x lo5 0.252 f 0.026 1.05 
95% CF4 + 5% DME -1.85 377 9.2 x lo5 0.272 f 0.044 1.04 
80% CF4 + 20% C4H10 -1.7 349 3.4 x 105 0.624 f 0.043 1.15 
9-p% CF4 + 10% CH4 -1.95 396 6.3 x lo5 0.222 f 0.042 1.18 
100 % CF4 -1.95 396 7.5 x lo5 0.209 f 0.024 1.02 
50% He + 50% &He -1.45 302 2.9 x 105 0.287 f 0.019 1.02 

78% He +15% CO2 + 
7% C4H10 -1.35 283 5.8 x lo5 -0.031 f 0.019 1.01 

100% DME -1.87 381 4.5 x lo5 1.768 f 0.079 0.96 
80.5% He + 19.5% DME -1.25 264 4.1 x 105 0.321 f 0.058 1.06 
86.5% He + 13.5% DME -1.15 245 3 x lo5 0.110 f 0.025 1.01 
92.9% He + 7.1% DME -1.0 216 1.3 x lo5 -0.532 f 0.05 1.18 
96.4%-He + 3.6% DME -0.85 188 1.9 x lo4 -0.897 f 0.05 1.59 - 
93% He + 7% C3H8 -0.97 211 1.1 x 105 -0.537 f 0.05 1.15 
95% He + 5% C2H6 -0.85 188 2.6 x lo4 -0.9 f 0.05 1.25 

..- -. 
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Figure Captions 

1. Experimental setup of this paper. 

2. (a) Typical tim ing distributions obtained for three different tim ing methods to, 

tl, and t2. 

(b) Curve is a Gaussian fit to data using to tim ing. 

3. (a) Comparison of our 50% Ar + 50% C2H6 electron drift velocity with other 

‘“--data. The dot-dash curve is a calculation of Biagi [24]. 

(b) Comparison of our 50% Ar -I- 50% C2H6 single electron longitudinal diffusion 

with other data. The solid curve is the l/a fit to our data (the first 8 points 

used to constrain the fit); the other curves are not fit to our data, but are 

independent predictions: the dot-dash curve is a calculation of Biagi [24], dashed 

curve is the calculation of Fraser and Mathieson [27], and dotted curve is the 

prediction of the W IRCHA program  [28]. 
- 

4. (a) Our measurement of electron drift velocity in the CF4 -based gases. The 

solid curves are to guide the eye and the dot-dash curve is a calculation of 

Biagi [24] for 80% CF4 + 20% i&H10 gas. 

(b) Our measurement of single electron longitudinal diffusion in the CF4 -based 

gases. The solid curves are l/a fits (all points used in the fit) and the dot-dash 

curve is a calculation of Biagi [24] for 80% CF4 + 20% i&H10 gas. 

5. (a) Comparison of our CF4 electron drift velocity with other data. 

(b) Comparison of our CF4 electron drift velocity with other data at much 

higher drift field. 

6. (a) Our measurement of the drift velocity in 80% CF4 + 20% iC4H10 as a func- 

.*.tion of water content. 
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(b) Our measurement of the drift velocity in 50% Ar + 50% C2Hs as a function 

of water content. 

(c) Our measurement of the longitudinal diffusion in 50% Ar $ 50% C2Hs as a 

function of water content. 

7. (a) Our measurement of the electron drift velocity in the 95% He i- 5% C2Hfj 

and 50% He -t-50% C2H6 gases. The dot-dash curve is a calculation of Biagi [24]. 

I*- (b) Our measurement of the single electron longitudinal diffusion in the 95% He $ 

5% C2Hs and 50% He + 50% C2H6 gases. The dot-dash curves are calculations 

of Biagi [24] and the dotted curves are predictions of the WIRCHA program [28]. 

8. (a) Our measurement of the electron drift velocity in the 93% He + 7% C3Hs 

gas. The dot-dash curve is a calculation of Biagi [24]. 

(b) Our measurement of the single electron longitudinal diffusion in the 93% He + 

7% C3Hs gas. The solid curve is a l/B fit to black circles (the first 9 points 

used to contrain the fit) and the dot-dash curve is a calculation of Biagi [24]. 

9. (a) Our measurement of the electron drift velocity in the 78% He i-15% CO2 t 

7% iC4H10 gas. The dot-dash curve is a calculation of Biagi [24]. 

(b) Our measurement of the single electron longitudinal diffusion in the 78% He $ 

15% CO2 •i- 7% iC4Hro gas. The dot-dash curve is a calculation of Biagi [24], 

the dotted curve is prediction of the WIRCHA program [28] and the solid curve 

is a l/a fit to our data (the first 4 points used to contrain the fit). 

10. (a) Our measurement of the electron drift velocity in the He $ DME gases. 

The dot-dash curves are calculations of Biagi [24]. 

Lb) Our measurement of the single electron longitudinal diffusion in the He + 
: 

DME gases. The dot-dash curves are calculations of Biagi [24]. 
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11. (a) Our measurement of the electron drift velocity in the DME gas. The dot- 

dash curve is calculation of Biagi [24]. 

(b) Our measurement of the single electron longitudinal diffusion in the DME 

gas. The dot-dash curve is calculation of Biagi [24]. 

12. Our measurement of the characteristic longitudinal energy in various gases. 

Curves are quadratic fits (Table 1). 

13. 

14. 

I -- 

Our measurement of the single electron pulse height spectra with Polya fits in 

various gases. 

(a) Our measurement of the single electron pulse height spectra in 95% He -I- 

5% C2Hs gas. The negative 8 is indicative of some avalanche breeding (see 

text). 

(b) Data of Byrne et al. [47] with single electron pulse height spectra as a func- 

tion of counter voltage. At V = 2320 one sees a sign of avalanche breeding, i.e., 

poor quenching. The E/p range was 144-166 V/cm/Torr and the pressure was 

80 mm Hg. 

15. Our data of 8 fits [equation (2)] for the He $ DME mixtures. Negative 8 

indicates a poor quenching; the solid curve is to guide the eye. 

16. (a) Schematic description of a(~ = 0) as measured in the single electron longi- 

tudinal diffusion test. Our measurement of a(a: = 0) dependence on the wire 

gain expressed in terms of the anode surface gradient E, in (b) 78% He + 

15% CO2 + 7% iC4H10 gas (Ed,;ft = 206 V/cm), ~~~~~~ induced spot size, and 

(c) CF4 gas (Edrift = 102 V/cm). Th e na error is the sum in quadrature of fi 1 

.cLaser induced spot size, aElectronics and ONear Wire Diffusion ( ULaser induced apot sire 5 
: 

2w4. 
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17. Characteristic transverse electron energy data of Naidu [27] plotted together 

with our data of characteristic longitudinal electron energy. The curve is a 

polynomial fit. 

18. Our measurements of the wire aging in CF4 gas in the tube geometry. Approx- 

imately 3 mm of wire length was irradiated. 

(a) Without the Nanochem filter. 

;-- (b) The same with the Nanochem filter. 

19. Our measurement of the wire aging in 95% He $ 5% C2H6 and in 78% He + 

15% CO2 + 7% i&H10 gases using the same geometry as for CF4 tests (fig. 18). 

20. Average electron energy as calculated using the Biagi’s program [24] in gases 

we have used for the wire aging. Curves are eye guidance. 

..- -_ 
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