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ABSTRACT We have produced purified liquid argon and have analysed 

pulses produced by cosmic ray muons in a parallel plate ionisation chamber 

by transient pulse shape analysis. Our measured electron lifetime of 

(95.1 ~;:~ ± 43)µs corresponds to an impurity concentration of 2.36ppb 0 2 

equivalent at 30V/ cm applied field. The low field electron mobility is 

measured to be ( 451 ± 1 ± 68)cm2 /V s at 90°k. We measure the free ion 

yield per l00eV to be 3.2 ~~:~ . 

Dr. D. Hanna 
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1 Introduction 

Liquid argon (LAr) has been used as the active medium in total absorp­

tion detectors for high energy physics since Radeka and Willis built their first 

test chamber in 1974 [l ]. As an active calorimeter medium LAr has many 

advantages: It is dense in comparison to other common media (l.4g/cm3 

as compared to 2.67 x 10- 3g/cm3 for Isobutane at STP and l.03g/cm3 for 

Polystyrene). Argon is not electronegative and thus non-ionised molecules 

will not degrade the signal by attaching electrons. Electrons in LAr can have 

high drift velocities (5mm/ µs@ lkV/mm), thus allowing for fast signal col­

lection. LAr is resistant to radiation damage, thus allowing a detector to 

operate at a fairly constant gain for its entire lifetime and in a high radiation 

environment. This is in contrast to scintillators which are prone to radiation 

damage. 

LAr also offers the possibility of good energy resolution as the average 

energy to create an electron ion pair is about 23.6e V [2] and the theoretical 

minimum energy resolution is 5.191{ eV(fwhm) for a IM eV photon [3]. 

This rivals Ge(Li) detectors which achieve a l.5keV(fwhm) resolution under 

the same conditions. While the resolution can theoretically be this low , no 

detector using LAr has achieved this resolution. In fact, the best resolution 

stands at 26keV(fwhm) for the 976keV 207Bi conversion electron. This worse 

than expected resolution is still a matter of investigation, however ven at 

the achieved resolutions LAr is an attractive active medium for calorimetry. 

LAr has another very intriguing property which opens up many pos­

sible detector applications. In the limit of perfectly pure argon, electrons 
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produced in the liquid that escape recombination with their parent ion could 

drift under the influence of an electric field indefinitely; this is because ar­

gon has no affinity for electrons. Now in a real situation there are always 

impurities, however it is possible to produce LAr pure enough to drift elec­

trons with an attenuation length of 18m @ lkV/ cm [4). With drift lengths 

on the scale of meters, the possibility of LAr time projection chambers can 

be considered. These detectors would offer an entirely homogeneous active 

volume, thus avoiding sampling fluctuations , and fine readout segmentation 

at a reasonable cost . 

We describe here our efforts to purify and measure the purity of liquid 

argon, using pulse shape analysis of cosmic ray muon tracks in a parallel plate 

chamber. The drift velocity and ion yield will also be measured and compared 

with previous experiments. 
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2 Chapter Two 

2.1 The nature of signals from drift cells 

We now investigate the signal shape from an ionisation chamber due to 

the passage of a charged particle. The signal will be a transient voltage 

measured at AA' due to the separation of the electron-ion pairs left by the 

passage of an ionising particle as shown in figure 1. 

To proceed we must first find the charge induced on a parallel plate 

capacitor by a single charge. Consider two infinite conducting plates, elec­

trically connected with a nonconducting sheet of surface charge density er 

between them (see figure 2). Since the plates are electrically connected, the 

potential difference between x = 0 and x = d is zero . 

What we want to know is the charge density on the plate at x = 0 

( denoted er' ) as a function of a, the distance between the plate and the 

charged sheet. If we call er" the charge density at x = d we can see from 

Gauss' law that 

er' + er" = -er (1) 

by considering the surface S in figure 2. 

The potential inside the space due the plate at x = 0 is 

-er'x 
<Po(x) = -

2
-
Eo 

(2) 

and due to the plate at x=d the potential is 

(3) 



Due to the charged sheet the potential is 

{~ 
<Psheet(x) = u(;~x) 

2fo 

Since the plates are connected electrically 

X :Sa 
x>a 

~</>I~= </>(d)-</>(O) = 0 

Using ( 2 ), ( 3 ) and ( 4 ) we have, 

</>( 0) = - l [ do-" + aa-] 
2<:o 

and 

1 
</>(d) = - [-do-'+ (a - d)a-] 

2<:o 

Equations ( 5 ), ( 6 ) and ( 7 ) give us that, 

a-(2a - d) 
a-' - a-" = 

d 

Using 1 to eliminate a-" finally gives us that 

4 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(We have ignored any effect due to the outside plate surfaces, since any such 

effect would create an unphysical dependence on the width of the plates.) 

What we are interested in however, is an electron (charge - e) be­

tween the two plates. First we note that q' + q" = +e from ( 1 ). By the 
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Figure 1: A parallel plate ion chamber and the associated readout circuit. 
The chamber is traversed by a charged track parallel to the applied field. 

QI 
0"' 0 l X 

I 
(J"-'/ s 

d 

Figure 2: Two electrically connected conducting sheets with an insulating 
charged sheet between them 
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Figure 3: A line of positive charges growing towards x = 0 

superposition principle, if we place another electron anywhere on the plane 

x = a, we would just have q' + q" = +2e and so on. That is, the induced 

charge q' would be the same for an individual electron as if the same charge 

was smeared over a sheet. Thus for the plate at x = 0 

(10) 

is the charge induced by an electron at x. 

Now we consider the signal at AA' produced by the electrons drift­

ing away from their parent ions. (The positive ions have mobilities many 

times smaller than the electrons and hence may be assumed stationary).The 

electrons will drift along the field ( at a velocity vd) leaving behind a trail 

of positively charged ions. This situation is equivalent to a line of positive 

ions growing from x = d towards x = 0 at the rate vd(:figure 3) and electrons 

being deposited at x = 0 at the rate 1 vd (N is the total number of fr e pairs 

in the track). 
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The induced charge at x = 0 due to a positive ion at x is, from ( 10 ) 

(11) 

Letting ,\ = ~ e we can write the induced charge by a small portion of a line 

of positive charge as 

(12) 

Integrating ( 12 ) to find the charge induced by a column of positive ions 

between a and d yields 

(13) 

We note that a= a(t) = d - vdt thus ( 13 ) becomes 

(14) 

This induced charge at x = 0 arises from two sources. One is the 

electrons being absorbed by the plate 

(15) 

and the rest of the charge comes from the current flowing in the circuit 

connecting the two plates q curr. We have then 

(16) 
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Equations ( 14 ) , ( 15 ) and . ( 16 ) give us that the charge :flowing in the 

external circuit is 

(17) 

where we have introduced Td, the time for an electron to drift the entire 

distance between the plates ( Td = !)• These flowing charges give rise to a 

current in the circuit 

J . (t) = dqcu.rr = { ~ e [1 - J_] 
sig dt 7'd 7'd 

0 
(18) 

this is the detectable signal in our circuit in figure 1. We note also that this 

is the current due to the electrons flowing in the gap. 

The amplifier in figure 1 integrates the current on the capacitor C and 

thus presents a voltage at AA' . If the amplifier was a perfect integrator we 

would have 

1 i t { Ne [t t2 ] t < T VAA(t) = - fsig(t')dt' = ~:d - 2rd - d 
C O 2C t > Td 

(19) 

This expression shows that for t > Td the total detected charge is that of only 

one half of the total electrons available. The "missing half' will be detected 

after the positive ions have all drifted to the grounded plate. 

Real amplifiers are not perfect integrators however and thus ( 19 ) is 

modified to be 

(20) 
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where h(t) is the transfer function of the amplifier (see Appendix A). 

There are two processes that work to change the expected pulse height 

and shape given in ( 20 ). One is initial (or germinate) recombination and 

the other is electron capture. 

Germinate recombination is the recombination of an electron with 

its parent ion before the electron has had time to drift and create a signal. 

This process changes N, the number of ions. The free electron yield (i.e. 

the number of electrons escaping initial recombination) as a function of the 

applied electric field is generally taken to be given by the Onsager model [5]. 

This model gives the number of free electrons N as a function of field as [4], 

N(E) = N0 (1 + aE) (21) 

with N0 , the number of free electrons obtained at zero field. In ( 21 ) 

(22) 

and re is called the critical Onsager radius given by 

(23) 

This linear variation of yield with field seems to hold for low fields, but is 

not the case for high fields as can be seen in figure 4. 

The other process affects the actual pulse shape. This process is elec­

tron capture, which is the trapping of electrons by electronegative molecules 

such as 0 2 , i.e.: 

(24) 
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Figure 4: The free ion yield in LAr per lOOeV energy absorbed. From [3] 

This results in a negatively charged ion, which will have a mobility compa­

rable to the Ar+ ions and hence are effectively stationary. As the electrons 

drift towards the collecting plate, some will be trapped by this reaction thus 

reducing the signal. 

The reaction in ( 24 ) traps electrons at the rate 

(25) 

with k being the trapping rate, kx the molar rate constant for the reaction 

in ( 24 ) and [X ], the molar concentration of X in the liquid. The number 

of free drifting electrons is given by the equation 

(26) 

We see that T _ l / k is the time needed for 1 / e of the original electrons to 

be trapped. We call T the electron lifetime. For more than one species X, 

we would have 

(27) 
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Figure 5: The electron attachment rate constants for SF6 , N2 O and 0 2 as a 
funct ion of field . [7] 

ki as a function of field for three substances (SF6 , N2 O and 0 2 ) is shown in 

figure 5 . As it is not usual to know the individual electronegative species 

present ( or their concentrations), the electron lifetime is usually used to state 

the concentration of oxygen molecules that would give the same lifetime. 

Such statements are only valid at the given electric field, as the various ki 

are funct ions of E . For 0 2 it has been shown that the relation 

[O ]( ) = 0.15E(~) 
2 ppm .\(cm) (28) 
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holds [6). Here >. = vdT, which is the electron attenuation length. 

We now investigate the effect of electron attachment on the expected 

signal given in ( 18 ) and ( 20 ). First, note that as T -+ oo in ( 26 ) 

N(t) -+ N0 . Thus as the lifetime goes to infinity we must recover our original 

(no attachment) signal. As individual electrons stop flowing in the gap, the 

current in the circuit will be diminished, thus we expect ( 18 ) to be modified 

to 

(29) 

We note that as T -+ oo in ( 26 ), we do recover ( 18 ) and ( 19 ). Thus 

the voltage across AA' in our circuit will be given by ( 20 ), with 

(30) 

where we have included the implicit field dependence in the various terms. 

2.2 Electron Mobility in LAr 

The electron mobility is defined by the expression 

(31) 

The mobility of electrons in liquid argon is approximately constant for fields 

below 300V/cm, and then falls fairly sharply at higher voltages (see figure 6 ). 

The low field mobility in argon is 475cm2 / Vs at 851{ [8), and decreases with 

increasing temperature until 1251{ (figure 7). We note that this mobility 

variation with temperature amounts to about 20% between 851{ and 951{. 
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Figure 8: The cosmic ray muon intensity as a function of momentum at sea 
level. (10] 

2.3 Cosmic Ray Muons 

The vast majority of cosmic ray particles are muons (10]. These muons 

arise mostly from pion and kaon decays in the upper atmosphere. The cos­

mic ray muon flux at sea level in the vertical direction is typically O .8 x 

lO 2m 2 s-1 sterad- 1 with an angular dependence of roughly cos2 0 [11]. The 

energy spectrum is shown in figure 8. Above momenta of roughly lGeV/ c 

the intensity of the muons falls nearly as p-2
• 

As the cosmic ray muons pass through matter, their dominant energy 

loss mechanism is ionisation. The average energy lost by the muons per unit 
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path length is well known for various materials and is given by the Bethe­

Bloch formula. 

(32) 

Where NA is Avagodro's number, r e is the classical radius of the electron. 

Zm ed is the nuclear charge number of the medium (18 for LAr) , Amed is the 

mass number of the medium (40 for LAr) and Pmed is the density (l.4g/cm3 

for LAr) . I characterizes the electron binding energy in the medium and is 

given approximately by [12] 

I( eV) ;::::J [9.76 + 5.88z-1.19Jz (33) 

This works out to be 1. 79 x 10-4 Me V for LAr. 

For our purposes it is not only important to know the average energy 

deposition, but also the fluctuations about this average. This problem was 

solved by Landau [13] for thin absorbers and was generalized to any thickness 

by Vavilov [14]. The shape of the energy loss distribution for a given incident 

energy is shown in figure 9. The Vavilov distribution has two parameters. 

One is the ratio of the average energy loss ( 6.) to the maximum kinematically 

allowed in a single collision ( W max ) 

(34) 

where we have used the fact that mµ ~ m e. 6. , the average energy loss is 

given by ( 32 ). For 3cm of LAr and incident muons of 211M eV, "' = 0.438. 
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The other parameter, .\, is a universal parameter proportional to the energy 

loss. 

,\ = 6./~ - (ln(Ut') + 1 + C) (35) 

with 6. being the actual energy loss,~ =(0.19x / ,82(MeV) for LAr), ln t ' = 

2 ln [ 1
; ] + ,82 and C is the Euler number ( = 0.577 . .. ). For K- values less 

(2me) (3--yc 

than 0.01 the Vavilov distribution matches Landau's and for values greater 

than 10.0 it can be replaced by a Gaussian distribution with mean µ = 

1 - 1 - ,82 
- ln K- and variance CJ

2 = (2 - ,82 )/2K- [15]. One point we note 

here is that in general the average energy loss is not the most probable. The 

event to event fluctuations in energy loss need to be taken into account when 

determining the average ion yield in a medium. 
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Figure 9: The Vavilov distribution for r., = 0.438 and (3 = 0.969. The bin 
size is 0.09 in A. 



19 

3 Apparatus 

3.1 Cryogenics System 

The cryogenics system used in purifying and condensing the argon gas is 

shown in figure 10. There are two sets of three nested, axially concentric, 

stainless steel cylinders, one for the purification of the argon gas (sieve) and 

one containing the ionisation chamber ( cell). The outermost cylinder is used 

as the vacuum insulation jacket, in which a vacuum of less than 1.0 x 10-5torr 

was maintained by an oil diffusion pump fitted with a liquid nitrogen (LN2 ) 

cold trap and baffie system. 

The second cylinder is the LN2 cooling jacket (see figure 11). This pot 

was filled with pressurized liquid nitrogen to provide the necessary cooling 

for the LAr cell and sieve. The cell LN2 jacket was kept at pressures between 

30 and 35psig, giving a temperature of approximately 87 J{. For the sieve, 

the LN2 was maintained at pressures above 45psig, so as not to condense 

the argon gas as it passed through the sieve. Figure 12 shows the LN2 

temperature vs . vapor pressure curve. 

The liquid level in the LN2 jackets was controlled automatically by 

means of a custom built level controller (figure 13 shows a schematic of this 

controller) . Two 500 composite carbon 1/SW resistors were suspended inside 

the LN2 jackets, defining an upper and lower level limit. These resistors were 

each in series with another 500 resis tor ( 1 / 4 W). A constant voltage was 

applied across the resistors, giving a total power dissipation in the sensing 

resistors of close to 1/SW at room temperature. When the sensing resistor is 

in liquid nitrogen it is able to dissipate more power than in gas and hence the 
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Figure 10: Schematic diagram of the LAr purification and test apparatus 

voltage at the op-amp input falls closer to ground. This gas-liquid voltage 

difference is typically 110m V. The operational amplifier converts the voltage 

levels to TTL logic levels and feeds an inverter with a Schmidtt trigger input 

(74LS14). 

The logic m the controller is such that a solenoid valve is opened 

allowing an N 2 gas bottle to pressurize a storage dewar and force liquid into 

the cooling jacket when the liquid level is below both resistors. When the 

level is at the upper resistor the solenoid valve is closed, stopping the transfer. 

In this manner a constant liquid level is maintained for cooling. Figure 14 

shows the L N2 transfer system. 
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3.2 Sieve vessel and preparation 

The sieve container consisted of a system of baffi.es forcing the argon gas 

to be in contact with the molecular sieve for the longest possible time, much 

the same as that used by Chen's group [16] (see figure 15) . 4.5 pounds of 

molecular sieve were used consisting of an equal volume mix of 3A, 4A, 5A 

and 13X [19] molecular sieve. The molecular sieve consists of submicroscopic 

pores, inside of which there are polarized trapping sites. If a polar molecule 

can fit into the pore, it will be bound at these sites. The numbers 3A, 4A etc. 

refer to pore sizes of 3A, 4Aetc. These sieves are used at low temperatures 

so as to lessen the thermal energy available for trapped materials to free 

themselves . 

The sieve was prepared by evacuating it to 0.182 mtorr at 347°C, a 
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procedure which took 1 month. During this evacuation the temperature was 

kept stable to ±1 °C by means of a temperature controller adapted from a 

thermometer described by Horowitz and Hill [17]. The temperature was con­

trolled in this manner because of the exponential dependence of pressure on 

temperature in the sieve material. This effect manifested itself as day /night 

variations in pressure due to the day / night variations in the AC line voltage 

being supplied to the heating tapes. 

3.3 Cell vessel and preparation 

The cell chamber was a cylinder 11.5cm in radius and 33cm high, giving 

a total volume of 141. All materials inside this chamber and in its vari­

ous access tubes were either stainless steel, ceramic or copper. All surfaces 

were subjected to the same cleaning procedure. This procedure consisted of: 

cleaning with 95% ethanol (5% water); rinsing with 100°C distilled water; 

drying with warm argon gas; then rinsing with de-ionised (> l0MD/cm) 

water and finally drying with warm argon gas. The various parts were then 

assembled and the system was evacuated with sorption pumps and an ion 

pump, while being baked at 250°C . The final pressure in the system was 

1.02 x 10-6torr at 250°C which decreased to 1.47 x 10-8 torr at 851{ (the 

temperature of the cell when cooled) . The vacuum constituents were mon­

itored with a quadrupole mass spectrometer and the final vacuum had as 

its most abundant constituent, H2 from the stainless steel walls. Water was 

present to less than 5 x 10- 9 t orr partial pressure and 0 2 was also present at 

pressures less than 0. 5 x 10- 9torr , see figure 17. This amount of 0 2 in our 

volume would produce approximately 2 parts 0 2 in 109 for 101 of LAr. 
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The actual ionisation chamber consisted of two 1/16" (1.59mm) stain­

less steel plates suspended from the cell lid by means of tubes and rested on 

ceramic dowels (figure 16). The plates were 5" (12 .7cm) in diameter and had 

3cm of active volume between them. The top plate was held at negative high 

voltage and the bottom plate was grounded. The bottom ground plane was 

split into two sections , a guard ring and a signal plate. The guard ring had 

an outer diameter 5" (12.7cm) and inner diameter of 4" (10.2cm); the signal 

plate was 3f (9 .8cm) in diameter leaving a gap of// (1.5mm) in the ground 

plane. A relaxation type Fortran code, in cylindrical coordinates, was used 

to determine the resulting potentials for this configuration. As can be seen 

in figure 18, the lines of constant potential are parallel in the active region 

thus guaranteeing uniform drift distances regardless of the track position. 

The sieve and cell pots were both equipped with a nitrogen gas bulb 



30 

thermometer and pressure transducer to monitor the LAr vapor pressure and 

the LAr temperature during purification and data taking. The temperature 

and vapor pressure were monitored on a PDP 11 / 34a and if the LAr tem­

perature dropped below 861{, heating tapes around the cell pot were turned 

on, thus warming the liquid to avoid freezing (Ar melts at 84K). With 

this method of temperature control the LAr temperature in the cell varied 

between 851{ and 951{ throughout the data taking. 

3.4 Argon Purification 

Commercially available argon gas [20] was passed through a titanium 

gettering oven [21] operating at 800°C. This oven is designed to remove 

oxygen to below 10-6ppm. The gettered argon gas was passed through the 

molecular sieve at 51/min and condensed in the cell chamber. A total of 10/ 

of liquid was condensed in the cell chamber. After filling, the cell chamber 

was isolated from the sieve and left for two months while cosmic ray tracks 

were observed. 

3.5 Data A cquisition System 

The passage of a muon through the cell chamber was signaled by a co­

incidence in three 10cm x 10cm plastic scintillators , one on top of the cell 

vacuum vessel lid and two below the bottom, thus separating the top and 

bottom scintillators by 115cm. This gave us a total solid angle of approxi­

mately 7.6 x 10-6 sterad. A two 2" thick lead brick was placed between the 

bottom two counters to increase the minimum muon energy that could create 

a coincidence to 245M e V ( 211M e V from the top of the active volume to the 
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last scintillator). This trigger system gave, on average, 15 coincidences per 

hour. Assuming an intensity of 0.8 x 102s-1 sterad- 1m - 2
, we would expect 

21 coincidences per hour. 

The high voltage was supplied by a Bertan 380X power supply and 

was filtered by an RC network as shown in figure 19 . The signal readout chain 

is also shown in figure 19. The external bleed resistor was necessary as the 

Ortec 142A is an AC coupled pre-amp thus providing no ground reference 

for the plate. The signal from the pre-amp was then fed into an Ortec 

4 7 4 t iming filter amplifier with the integration and differentiation constants 

set equivalent to lOns and 150µs respectively. The waveforms from the 

amplifier were digitized using a CAMAC based LeCroy TR8818 transient 

analyzer controlled by a PDP 11/34a computer. The sampling rate used was 

80ns/sample and 7168 post trigger points were taken for each pulse. The 

TR8818 has a voltage resolution of 2m V with a dynamic range of 511m V. 

The transfer function of the acquisition system was measured by ap­

plying a step input (risetime~ lOns) at the test input of the pre-amp. Since 
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this input has a lpF capacitor between it and the signal input , this is identi­

cal to applying a delta current pulse on the input . This signal was processed 

through the entire readout chain and then analyzed. A total of 64 samples 

were taken for the transfer function and averaged together. The resulting 

average was scaled to 104 electrons input . 

Data was taken at two different gain settings and the transfer function 

was measured for each. The transfer function was digitized at lOns sampling 

period for 7168 post trigger samples, and then a fit to expression ( 50 ) of 

appendix A was made for each. The two functions and their fits are shown 

in figures 20 and 21. For the x4 gain setting we found the parameters in 

( 50 ) to be 

Ti= (41 ± 6)µs 
T2 = (28 ± 2) X 10-3µ s 
T3 = (0.12 ± 0.01) X 103 µs 
A= - 0.10 ± 0.03 
B = -0 .30 ± 0.11 
C = -2.24 ± 0.02 

normalized to 104 electrons input. For the x6 setting 

Ti = (1.024 ± 0.001) X 10-3 µs 
T2 = (31 ± 6) X 1Q- 3µ s 
T3 = (0.12 ± 0.03) X 103 µs 
A= (-0.12 ± 0.02) 
B =(-0.8 ±0.1) 
C = (-2.21 ± 0.03) 

(36) 

(37) 

yielded the best fit to the data, again normalized to 104 electrons input . We 

note that since the Ortec 4 7 4 timing filter amplifier was set to an integrating 

time of lOnS and a differentiating time of 150 µ S, our values for T2 and T 3 
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Voltage (V / cm) Gain Tstart( J<) Tend(J<) Noise (e's) # of triggers 
-1000 x4 86.5 90.0 5400 200 

-400 x4 88.7 89.3 12000 209 
-333 x4 86.5 86.5 9900 86 
-200 x6 86.8 88.4 10000 241 
-100 x4 86.2 88.4 5400 253 
-40 x6 86.6 89.5 11000 342 
-30 x4 88.1 86 .5 10000 231 

Table 1: The number of pulses taken at each voltage and the conditions 

above are quite consistent with these settings. 

The noise at the output was measured for each voltage using a pulser 

at the test input with a 5µs risetime. For these measurements the amplifier 

was read out by a LeCroy 3001 qVt . The noise was seen to be fairly indepen­

dent of voltage, ranging from 5400 to 12,000 electrons rms (see tablel ). This 

is an acceptable noise level as the charge expected from a minimum ionising 

muon is 258,000 electrons. The major noise source was identified as due to 

acoustic noise from the LN2 pressure release valve. 

3.6 Data Taking 

Data was taken at voltages ranging from lkV/ cm to 30V/ cm (see table 1). 

Each voltage run lasted on average 17 hours. Before each run the temperature 

was recorded and the LN2 jacket was filled. The data acquisition was left 

running overnight and stopped in the morning. Then the temperature of the 

LAr was again recorded and the number of events logged. After the data 

acquisition was finished the noise at the voltage was measured and recorded. 
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Figure 20: The transfer function at x4 gain normalized to 104 electrons 
input, with the fit superimposed. The bottom picture is an expansion of the 
top. 
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Figure 21: The transfer function at x 6 gain normalized to 104 electrons 
input, with the fit superimposed. The bottom picture is an expansion of the 
top. 
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4 Data Analysis 

4.1 Initial Data Selection 

A typical pulse from our LAr cell is shown in figure 22. The rise starts 

at approximately 82000ns (1025 digitizations from zero or 80ns after the 

trigger) and ends approximately 2lµs later , followed by the exponential decay 

expected from equation ( 53 ) in Appendix-A. The pre- trigger portion of the 

pulse is centred at 42 ADC counts because the ADC zero was set at a negative 

voltage. From table 36 we see the rms noise at this voltage was measured to 

be 104 electrons or, using the pulse height in figure 21, 3 ADC counts, quite 

consistent with the noise seen on the pulse. 

From our raw data sample many pulses needed to be rejected. Some 

triggers could occur with no particle passing through the chamber , due a 

mismatch in the geometry of the trigger scintillators (square) and the detec­

tor ( cylindrical) . For the same reason, some pulses were seen to be inverted. 

These inverted pulses were caused by tracks in the guard ring region, the sig­

nal resulting on the guard ring was capacitively transferred to the signal line , 

thus producing an opposite pulse. Taking the area covered by the scintilla­

tors as compared to the active cell region , we would expect approximately 

30% of all triggers to be misses due to this geometry mismatch. 

As well as rejecting these missed pulses it was found that many of 

the pulses showed a saturation effect. This caused the peaks of the pulses 

to remain flat over several microseconds. This saturation was independent 

of pulse height and can be attributed to noise saturating the pre-amp at 

frequencies well below the 3dB point of the amplifier. 
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To reject the unwanted pulses before analysis, each recorded event was 

analyzed prior to pulse shape fitting. For each pulse the analysis chain was 

as follows. The pulse was baseline shifted to zero by calculating the average 

ADC channel of the first 1000 pre-trigger points. Next the integral of the 

pulse rise from the 1024th to the 1824th bin was calculated by summing these 

counts. Also as a measure of pulse height, the data pulse was convoluted 

with a theoretical response function of an integrator and differentiator of 

equal time constants of l000µs. This should give a good signal to noise ratio 

[18]. The peak height of this resulting waveform was then found. Next, to 

reject the saturated pulses, a region starting from 4µs before the expected 

peak position to 360µs after, was fit to a flat line and the x2 of this fit was 

calculated. 

To be selected for further processing, each event had to pass three 

cuts. The first two were coupled together, being cuts on the integral of the 

pulse rise and on the convoluted pulse height . A sample scatter plot of these 

two variables is shown in figure 23. The cuts were chosen so as to separate 

the clear pedestal portion from the good data. The clear band evident in 

this plot indicates that both these measurements are indeed correlated. 

The final cut was made to reject the saturated pulses, which we expect 

to favour no particular pulse height. To do this the x2 plot was cut at the low 

end where there was a clear indication a flat peak (see figure 24). Figure 25 

which shows the convoluted pulse height spectrum with the two pulse height 

cuts and then with these two cuts and the flatness cut, demonstrates that 

this cut did not introduce any bias on the measured pulse height. 

Table ( 2 ) shows the number of pulses for each voltage that pass these 

cuts. 
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Figure 23: The integral of the pulse rise vs. the pulse height. The points 
inside the box make the cuts on these two variables. 
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Figure 25: TOP: The pulse height spectrum with the two pulse height cuts. 
BOTTOM: The same with the x2 cut. 
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Voltage (V /cm) # in raw sample # that pass cuts % pass cuts 
-1000 200 74 37 

-400 209 26 12 
-333 86 24 28 
-200 241 93 39 
-100 253 42 17 
-40 342 108 32 
-30 231 56 24 

Table 2: The number of pulses at each voltage that pass the cuts 

4.2 Determination of the drift velocity and the elec­

tron lifetime 

After the initial data selection the pulses that passed the cuts were av­

eraged together. Because of the fluctuations in the number of electron-ion 

pairs produced in each event, a direct average could not be used. Instead 

we multiplied each pulse by 104 /PH , with PH being the pulse height found 

using the convolution. A sample resulting average is shown in figure 26 . 

Before fitting the pulse it was necessary to re-evaluate the noise for 

this average, as the scale factor was not known precisely. To do this the 

variance of the first 1000 digitizations from zero was used as the square of 

the rms noise. Then the average pulse was fit using the MINUIT function 

minimization routine [22] to equation ( 51 ), which is 

Vo(t) = { f A+ B] c(T1) + [C - A] c(T2) - [B + C] c(T3) 
[A+ B] ,(T1) + [C - A] ,(T2) - [B + C] ,(T3) 

(38) 
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Figure 26: A sample average obtained. Notice that the tail falls below zero. 
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where 

(39) 

and 

( 40) 

The various constants A,B,C,T1 ,T2 and T3 are those from the fit to the transfer 

function. The fits had four parameters; the electron drift time, the electron 

life time, the (amplified) number of free electrons, and t0 , the starting time 

for the pulse rise. Each average was fit from the 800th digitization until a 

point after the pulse rise. 

The exact choice of where to end the fit was found to influence the 

resulting answer. In theory equation ( 38 ) should give the pulse shape for 

all times. This is true, however, if the transfer function is known exactly 

or at least, quite well. We found that, although the fits to our transfer 

functions were quite good ( see figures 20 and 21), at times after the pulse 

rise the pulse would fall off faster than our fit to the transfer function would 

allow. This can be attributed to our assumption of equation ( 50 ) for 

our transfer function. This equation corresponds to perfect RC integrators 

and differentiators, whereas a real amplifier is far from ideal. The major 

manifestation of this assumption is that ( 50 ) cannot produce a fall that 

goes negative and then back to a baseline, as our pulses do (see figure 26 ). 

We can only fit our pulses confidently for 70µs after t0 as we have a 

valid transfer function for only 71.68µs. This won't affect our fits to pulses 

with risetimes much less than this (lkV/cm,400V/cm,333V/cm,200V/cm), 
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E(V / cm) Number of points in fit drift time (µs) life time (µs) 
-1000 601 17.18±0.06 67.23±5.92 

-400 601 24.78±0.42 29.79±2.96 
-333 501 15.61±0.34 (1.0±0.5) X 106 

-200 901 32.61±0.18 109.22±12.65 
-100 1001 55.24±0.17 91.96±0.9 
-40 2301 114.96±1.15 116.87±3.63 
-30 2001 153.44±5.37 95 .15±6.33 

Table 3: The fits for the drift time and lifetime for the voltages. The errors 
are the statistical errors in the fit . 

but will indeed affect our fits for the lower voltages, since at the low fields the 

pulse rise is more than 70µs long. With this in mind, for each pulse many 

different times were tried. The one chosen was the one that produced a fit 

with the minimum reduced x2 and was no longer than 70µs after the pulse 

peak. Figure 27 shows the variation of the reduced x2 versus the number of 

points in the fit for 30V / cm. Notice that for fits that exceed 70µs after the 

peak the reduced x2 grows rapidly, reflecting the fact that we are fitting the 

fall with the incorrect function . Figures 28 to 34 show the various averages 

and their fits, and table 3 shows the various fit values. 

From these fits the drift velocity was calculated and is plotted in figure 

35. We have taken as the dominant experimental uncertainty, the variation 

of the mobility with temperature (20% in our temperature range). Taking a 

straight line fit through our four points below 300V / cm we find the low field 

electron mobility to be 

( 41) 

for our LAr sample, which is consistent with a temperature of 91J( (see figure 
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Figure 27: The x2 of the pulse fit vs. the number of points in the fit. The 
pulse peaks at 1300 and the transfer function cutoff is at 2100. 
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Figure 28: The averaged pulse at 1000 V / cm with the fit superimposed. 
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7 ). The first error is the statistical error in the fit and the second error is the 

systematic uncertainty arising from an inaccurate knowledge of our transfer 

function. We find that our answer for the drift time can vary up to 15%, 

depending on the number of points in the fit. The fall off of the drift velocity 

at the higher voltages is in agreement with the data in figure 6. 

To determine the lifetime we take the value obtained at 30V / cm, since 

the longer the drift time the more sensitive to the lifetime we become. This 

is because we have to distinguish between the pulse peaking as (t/Td - t 2 /Tl) 

or as e-t/-r. So we find that for our LAr sample the electron lifetime is 

T = (95.2 ~~:~ ± 43)µs ( 42) 

The last uncertainty is our systematic error, it reflects the fact that if we 

vary the number of the points in the fit out to 2300, the measured lifetime 

increases to 138.4µs and if we take 1700 points we get 74.Sµs. The first 

errors are the statistical errors in the fit. The measured lifetime translates 

into an attenuation length of 1.9 cm at 30V / cm, or using ( 28 ), an impurity 

concentration of 2.36 ppb 0 2 equivalent , quite consistent with the 2 ppb we 

estimated from the residual gas in our cell vessel. 

4.3 Determination of the Absolute Charge Yield 

To determine the actual charge yield as a function of the applied electric 

field, we fit each pulse that passed the cuts in the previous section using the 

known drift time and lifetime, to determine N, the number of free electrons. 

Since the energy absorbed by the LAr in the cell is distributed according to 

the Vavilov distribution, we would expect N to be as well. That this is the 
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case can be seen in figure 36. 

The number of free electrons in the cell is given by 

( 43) 

with ,0,. being the energy deposited and G Ji(E) is the field dependent conver­

sion factor, giving the number of free electrons created per lO0 e V of absorbed 

energy. 

For a muon to cross through the active volume and be counted it 

must have, on average, 211M e V as it enters the LAr gap. We produced 

1000 random events with probability varying as 1/(energy)2, from 211MeV 

to l0GeV and for each event we generated a random energy deposition , 

by assuming a Vavilov distribution of the proper "' · The resulting energy 

deposition spectrum is shown in figure 37. To determine G Ji(E) we sought 

the scale conversion that would best fit our N(E) distributions. This scale 

conversion was found by convoluting the energy deposition spectrum with a 

Gaussian of standard deviation given by the rms noise at the voltage. Then 

a log-likelihood function was maximized assuming Poisson statistics for each 

bin in the N(E) distribution. The resulting variation of G Ji with field is 

shown in figure 38. In figure 38 we have plotted the data of Doe's group 

[23] by normalizing their charge collected to our G1i at lkV/cm. We are 

confident in our absolute normalization for G Ji since for LAr the electron 

yield is 3.16 electrons per l00eV at lkV/cm [24] and we obtain 3.2 ~~:~ for 

the same field . 
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Figure 36: A typical free electron yield spectrum. 
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Figure 38: The free ion yield per 100 eV in our LAr sample. The line is from 
the data of reference [23]. 
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5 Conclusion 

We have succeeded in producing pure LAr and measuring the purity using 

pulse shape analysis . Our measured electron lifetime of (95.2 ~;:~ ± 43)µs 

corresponds to an impurity level of 2.36 ppb 0 2 equivalent, at an applied 

field of 30V / cm. We find the low field electron mobility in our LAr to be 

µe = ( 451 ± 1 ± 68)cm2 / Vs with the mobility falling below this value at 

higher applied fields. This value agrees quite well with the accepted value 

of 460cm2 /Vs at 90K[9]. Finally our electron yield as a function of voltage 

demonstrates the same voltage dependence as that reported by Doe's group 

[23]. We found our free electron yield per lO0eV at lkV/cm applied field to 

be 3.2 ~~:! , in excellent agreement with the 3.16 reported elsewhere [24]. 

We conclude that pulse shape analysis is an effective method in study­

ing liquid properties, as it makes possible the simultaneous measurement of 

the electron mobility, the liquid purity and the free ion yield. Through this 

method we are able to identify the systematic effects arising from an incom­

plete knowledge of the readout electronics and estimate their magnitudes. 

This would not be the case if we were to look only at the pulse height, as 

the pulse height is a complicated function of the mobility, lifetime, yield and 

electronics response. 
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A Transfer function and Pulse shape 

The effect any linear system has on its input can be calculated if one 

knows the response of the system to an impulse 8(t) . This response is known 

as the transfer function h(t) of the linear system. Given h(t) for a system, 

the output V0 (t) due to any other input I(t) is given by, 

Vo(t) = lot h(t - x) I( x)dx ( 44) 

here we note by convention that 

h(t) = 0 t<O ( 45) 

The transfer functions for simple RC integrators and differentiators 

are easily obtained to be 

( 46) 

and 

( 4 7) 

In ( 46 ) and ( 4 7 ) T = RC, the time constant of the circuit. 

In the electronics chain considered there are basically two integrators 

and two differentiators ( see figure 39 ) . We note that to find the transfer 

function of the entire circuit, we must do three convolution integrals. The 

impulse response at AA' is just 

( 48) 
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Figure 39: The equivalent circuit for an amplification chain. 
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Figure 40: The pre-amp approximated by a single integrator. 

thus at BB' the voltage due to an impulse at the input is 

and so on for the entire circuit. 
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( 49) 

For most pre-amps , 2 is much larger than the time scales to be con-

sidered. This being the case, we replace figure ( 39 ) by figure ( 40 ) , i.e.: 

let , 2 -t CX) in ( 4 7 ) . With this approximation the transfer function of the 

electronics chain can be written 

{ 
0 t < 0 

h( t) = A [ e-t/r1 _ ct/T2] + B [ e-t/T1 _ e-t/T3] + C [ e-t/T2 _ e-th] t > 0 

(50) 
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The constants A,B and C depend on the various time constants and also 

take into account the amplification of the system. 

Thus the expected signal out of the amplification system, resulting 

from the input signal given in equation ( 18 ) is: 

Vo(t) = { fA + B] c(r1) + [C - A] c(r2) - [B + C] c(r3) 
[A+ B],(r1) + [C-A],(r2)- [B+ C],(r3) 

where 

and 

(51) 

(52) 

(53) 
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