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ABSTRACT 

We have calibrated and studied the performance of the MARK II drift 
chamber vertex detector with cosmic ray tracks collected with the chamber 
inside the MARK II detector at the SLC. The chamber achieves 30 iJm impact 
parameter resolution and 500 iJm track-pair resolution using C02/C2H6 (92/8) 
at 2 atmospheres pressure. The chamber has successfully recorded Z 0 decays 
at the SLC, and resolved tracks in dense hadronic jets with good efficiency and 
high accuracy. 

* Work supported by Department of Energy contract DE-AC03-76SF00515 (SLAC), DE­
AC02-86ER40253 (Colorado), and DE-AC03-76SF00098 (LBL). 

t Present·address: Physics Dept., Hillsdale College, Hillsdale, MI 49292, USA. 

Invited talk presented at the Vth International Conference on Instrumentation 
for Colliding Beam Physics, Novosibirsk, USSR, March 15-21, 1990. 
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Figure 1: MARK II drift chamber vertex detector, showing the modular construction of the jet 
cells and the pressure vessel. 

1. Introduction 

The use of "cool" gases in drift chambers permits significant improvements in 
spatial and double track resolution1 and has prompted several groups to explore 
the technique for use in precision tracking chambers and vertex detectors. Spatial 
resolution is improved because the electron diffusion is near its (thermal) lower limit. 
Typical drift velocities in cool gas chambers are roughly an order of magnitude slower 
than in "fast" gases, simplifying the electronic problems associated with resolving 
closely spaced tracks and leading to improved double track resolution. On the other 
hand, since the drift velocity is linearly proportional to the reduced field E/P, any 
non-uniformities in the drift field complicate the distance-time relation. In addition, 
since the drift velocity depends on the temperature, pressure, and gas composition, 
control of all these parameters is required to maintain a stable calibration. 

The MARK II Drift Chamber Vertex Detector2 (DCVD) is a high precision 
pressurized drift chamber which has just been installed as part of the vertex de­
tector system for the MARK II detecto~3 at the Stanford Linear Collider. The 
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Figure 2: Wire placements in one jet cell. 
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chamber uses a cool gas, C02/C2H6 (92/8}, and operates at 2 atm pressure. Dur­
ing the past year we have taken cosmic ray data with the MARK II detector in 
order to study the chamber's performance, calibrate its distance-time relation, and 
determine its alignment with respect to the MARK II central tracking chamber. In 
January 1990 the chamber was used to record Z 0 decays at the SLC. This paper 
reviews the procedures followed in calibrating the chamber, summarizes its present 
level of performance, and demonstrates that cool gas chambers can operate near 
design performance. 

2. Chamber Description 

The DCVD is a jet-type drift chamber divided into 10 axial drift cells (see Fig. 1 ). 
Individual cells are tilted with respect to the radial direction to resolve the left-right 
ambiguity, to ensure that no track is poorly measured along its entire length, and to 
help in drift velocity calibration. A jet cell is shown in Fig. 2. There are 38 active 
anode wires, 55 em long, positioned at radii between roughly 5 and 17 em. Sense­
field wire planes are sandwiched between grid wire planes. The latter focus incoming 
electrons onto the anodes and improve the charge collection isochrony. The sense 
to field spacing was made rather small (1.45 mm) to improve the double track 
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resolution. Extra electrodes at the innermost and .outermost radii minimize edge 
effects. The chamber is read out with a fast integrating preamplifier, the output 
of which is shaped, amplified further, and transmitted to a 6 bit 100 MHz FADC, 
1024 buckets deep. Details of the chamber construction, electronics, and chamber 
subsystems can be found in Ref. 3. 

Our philosophy in designing the chamber was to make an electrostatic structure 
that could be described with as few parameters as possible. To this end, wires in the 
chamber were accurately located in planes, so that only coordinates describing the 
location of the plane, and not the individual wire positions, are needed for chamber 
calibration. RMS deviations of anode wire positions out of the plane are < 3 11m. 
The wire planes are positioned with an accuracy "' 20 11m. Care was also taken to 
provide accurate high voltage distribution. Ten resistor divider chains, one for each 
cell, supply the 68 voltages required for the cathode and field-shaping electrodes, 
accurate to better than 0.1 %. 

Chamber temperature, pressure, and high voltage are closely controlled in order 
to stabilize the drift velocity. Over a one-month run, the chamber pressure was main­
tained with a. commercial pressure transducer/controller at 2 atmospheres and was 
stable to about 0.03%. Chamber temperature was maintained at 28.15° ± 0.05°C by 
circulating temperature-controlled water through 6 mm diameter aluminum tubing 
that was soldered to the inner and outer radii of the pressure heads and welded in 
a spiral around the outer shell of the chamber. The inner Beryllium core of the 
chamber was not actively controlled and showed ±0.15°C temperature excursions 
which coincided with environmental temperature changes. The maximum tempera­
ture difference between the inner core and the outer shell was less than 0.35°C. The 
chamber gas was premixed in a quantity sufficient for one year of chamber operation, 
which guaranteed that the composition was stable. High voltages were monitored 
during running. The cathode supply was stable to 0.03% over a. period of a month; 
the anode supplies were stable to 0.3%. 

3. Distance-Time Relation 

At our typical drift field of 0. 73 kV /cm/atm, the measured drift velocity is 
5.6 11m/ns, while in the high fields near the sense wires, the drift velocity becomes 
100 11m/ns or greater. We determine the distance-time relation near the anode by 
first calculating the electric field along lines perpendicular to the sense-field plane 
which intersect the sense wire, using a superposition of solutions corresponding to 
an array of infinite wire planes.4 The field is given by 

E(d) = - Qs coth- + Qp tanh-+ Qa tanh +tanh , 211" { 11"d 11"d ( 11"(d+b) 11"(d-b))} 
a a a a a 

where Qs, Qp, and Qa are, respectively, the charges per unit length on the sense, 
field, and grid wires; a is the spacing between sense wires, b is the distance from 
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Figure 3: The distance-time relation near the sense wire. 

.... 6620A2 

Figure 4: Electron drift trajectory for tracks which are not parallel to the sense plane. 

the sense/field plane to the grid plane, and d is the distance from the sense wire. 
A detailed electrostatics simulation of the drift chamber indicates that this formula 
describes the field at all drift distances with 0.1% accuracy for sense wires near the 
center of the jet cell. Thus we have a convenient first-order electrostatics model. 

We combine this model with a function relating drift velocity to electric field, 
derived from measurements in pure C02•5 For our mixture of C02 with 8% ethane, 
we scale all drift velocities up by the factor of 1.1 in order to reproduce the measured 
velocity far from the grid. The resulting relationship between drift distance and drift 
time is shown in Fig. 3. For drift distances greater than 6 mm, the first-order model 
assumes a constant drift velocity. 

For tracks which are not parallel to the &ense plane, we assume that electrons 
fol10w a path which is perpendicular to the sense plane until they are within a 
radiu~ of 1. 78 mm of the sense wire, at which point they drift radially (see Fig. 4 ). 
This radius is determined from the electrostatics simulation to match the radius of 
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Figure 5: Corrections applied to the first-order model, derived from an electrostatic simulation 
of the jet cell. The corrections are given for wires number 3 through 34 vs. drift distance. 

curvature of lines of constant drift time. The same distance-time relation is applied, 
hut the distance is now taken to be the length of this modified trajectory. For all 
tracks, a Lorentz angle correction due to the 0.475 T magnetic field tilts the drift 
trajectory by 18.2 mrad. This is the calculated Lorentz angle and studies show it 
to be appropriate for our gas to within about 20%. 

In order to account for edge effects and a small radial dependence of the electric 
field, we use a full electrostatics simulation to determine corrections to the first­
order model as a function of drift distance and layer number, again only along a line 
passing through the sense wire. For each 2 mm interval in drift distance and each 
of the 38layers of the chamber, we calculate a deviation from the first-order electric 
field. This correction is integrated in order to determine a drift distance correction 
for any point in the chamber. The corrections are shown in Fig. 5. A further small 
correction is implemented for angled tracks, to account for field distortions near the 
grid wires. This correction is calculated from the electrostatics program for angles 
up to 30 degrees and distances from 0 to 4 mm. 

Finally, we have refined the distance-time relation empirically by studying resid­
uals from best fit tracks using a sample of cosmic rays. This correction is described 
in the following section. 

4. Tracking Performance 

a. Data Sets and Track Reconstruction 

The vertex detector was operated in a 0.475 T solenoidal magnetic field, sur­
rounded by the MARK II main drift chamber and trigger scintillators. The main 
chamber and its pattern recognition programs were well understood from prior ex­
perience at PEP. Tracks measured in the main chamber are extrapolated into the 
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Figure 6: Resolution per layer vs. drift distance. 

vertex chamber volume to guide the search for matching measurements in the vertex 
chamber. Fits to the combined sets of measurements from both detectors establish 
the direction and momentum of each track, treated as if it originated near the cen­
ter of the detector and propagated outward. With each cosmic ray yielding two 
tracks that were known a priori to be parts of a single trajectory, we studied the 
agreement of'the two independent impact parameters (miss distance) and directions 
(acoplanarity) to optimize both the internal calibration of the vertex detector and 
its alignment with the main chamber. 

b. Resolution vs. Drift Distance 

We determine the local resolution by measuring the rms tracking residuals as 
a function of drift distance (Fig. 6). The resolution shows the expected propor­
tionality to the square root of drift distance caused by diffusion of the ionization 
electrons. These data show that the resolution is 25-80 pm in our range of drift 
distances, averaging around 50 pm. Near the anode, the resolution is worse because 
of the large, rapidly varying drift velocity, and because the random spacing between 
primary electron clusters becomes a significant contribution to drift distance. The 
distribution of track residuals near the anode is shown in Fig. 7. For the same 
reasons but to a much lesser extent, the region close to the cathode has degraded 
resolution. The tilt of the jet cell minimizes the effect of these low resolution regions 
on the cell's impact parameter resolution. Figure 8 shows the impact parameter res­
olution calculated on the basis of actual hit patterns and resolution per hit for a 
cosmic ray sample. The response is fairly uniform across the cell. 
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Figure 8: Calculated impact parameter resolution vs. azimuthal track angle with respect to the 
jet cell for cosmic rays with p > li GeV /c. 

c. Systematic Corrections 

The accuracy with which tracks can be extrapolated to the production point 
depends upon our ability to correct for distortions throughout the entire drift cell. 
Guided by studies of the miss distance and acoplanarity of cosmic ray half-track 
pairs, we have found that distortions remain after we apply the corrections based 
upon the model of electron drift discussed in the previous section. We parameterize 
a correction to the distance-time function to third order in each of the two spatial 

8 

.._- . 
~,, 



e 2oo 
~ 

g 100 

~ 
8 0 

2l 
:ij 
1ii -100 
i5 
= 

/ 
~ _.t" " 

15 -2oo L__L__l_J.._--:--__j--;--___._4 
-4 2 

(em) 
4 ... Drift Distance -

Figure 9: Empirical corrections applied to the first-order distance-time relation, given for wires 
number 3 through 34 vs. drift distance. 

dimensions, i.e., signed drift distance and (w- 19), where the wire number w runs 
from small to large radii. 

These parameters together with the drift velocity scale and drift time offset 
(22 parameters altogether) are determined from a fit to a sample of about 600 cosmic 
rays. For this purpose the individual cosmic rays are fit in the vertex chamber alone 
as single tracks. We require each track to have momentum at least 5 GeV /c and to 
pass within 2.5 em of the chamber axis. The first two and last four wires of each 
jet cell are excluded, as are measurements within 1 mm of either the sense wire or 
cathode plane. There must be at least 45 measurements (of 64 possible). Residuals 
greater than 180 Jlm are excluded from these parameter fits. The resulting empirical 
corrections are shown in Fig. 9. The curves show that effects not accounted for by 
the model distort the measurements by less than 50 jlm except for a few outer wires 
on one side in the jet cell. 

d. Impact Parameter Resolution 

The distribution of cosmic half-track pair miss distances with the corrections 
described above is presented in Fig. 10. The Gaussian fit to these data gives 44 Jlm 
for the standard deviation, or 31 .Jlm for the impact parameter resolution. This 
is about 30% larger than we find by propagating the local resolution measured by 
Fig. 6. Th\s excess must be accounted for by systematic effects which are not yet 
understood. 

At this writing we have a small sample of Z 0 decay events. This includes two 
Bhabha events; these have miss distances well within the resolution we measure 
with cosmic rays. The distribution of residuals seen in hadronic events is about 10% 
worse than that seen in cosmic ray events because of the presence of background 
hits in the chamber. 
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5. Double Track Resolution 

Good double track resolution is essential for precision tracking in hadronic de­
cays of the Z0 • It permits closely spaced tracks to be resolved close to the interaction 
point, and it provides good pattern recognition capability even in the presence of 
backgrounds. 

The ability to distinguish two closely spaced tracks is limited by the late arrival 
of charge clusters from the first hit. Late-arriving clusters are created close to the 
boundary between the drift regions of adjacent anode wires. They have compar­
atively longer drift paths and pass through regions of lower electric field strength 
than clusters produced near the center of the drift region, and so they experience a 
significant delay in arriving at the anode. These clusters tend to broaden the pulse, 
or if delayed long enough, to appear as a second, distinct pulse. Although such sec­
ond ("fake") pulses tend to be smaller than those caused by the primary ionization 
in the center of the drift region, fluctuations in the ionization and avalanche gain 
processes often make these pulses indistinguishable from those of a closely spaced 
second track. 

The pattern recognition algorithm used for hit finding has been optimized to 
provide the best suppression of fake hits while maintaining a single hit efficiency 
in excess of 98%. The algorithm steps through the digitized pulse train bin by 
bin, forming the difference between the sum of three adjacent bins and the sum 
of the three succeeding bins. A. leading edge is flagged if this difference exceeds a 
threshold, which decreases with drift distance according to T ex (1 - 0.08d), where 
d is given in em, in order to compensate for the effects of diffusion and pulse height 
attenuation. A trailing edge is flagged when the difference of sums is negative for 
two consecutive bins. In order to discriminate further against the smaller fake hits, 
the pulse is ignored if its total pulse height between leading and trailing edges is 
less than a second drift-distance dependent threshold. 
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Figure 12: Fraction of ''fake" hits as a function of distance after the first hit. 

The double track resolution has been studied by superposing the pulse trains 
from different cosmic ray events, and measuring the efficiency of finding the second 
hit as the separation between the superposed hits is increased. These results are 
shown in Fig. 11 and show nearly full efficiency at separations as small as 400 JJm. 
The slight loss in efficiency for tracks separated less than 1500 J.lm occurs because 
the presence of the first pulse occasionally perturbs the arrival time of the second 
pulse by a small amount. The fake hit rate has been studied with isolated tracks 
from cosmic ray data. Figure 12 shows the probability of detecting a fake hit beyond 
a given distance from the first hit as a function of that distance. The fake hit rate 
drops below 10% beyond 700 J.lm after the first hit. The double track resolution 
has also been studied in a limited sample of Z 0 decays, where the presence of 
closely spaced tracks is determined by extrapolating tracks from MARK II's central 
tracking chamber irito the DCVD. The result is compatible with the cosmic ray 
study discussed above. 

Figure 13 shows a Z 0 decay recorded during a test run at the SLC in Jan­
uary 1990. Cathode planes are shown by dashed lines in the figure. Anode planes 
are midway between cathode planes. Hits are plotted with their ambiguities, giving 
rise to patterns which are symmetric about the anode planes. Solid lines represent 
tracks extrapolated from the central tracking chamber. The dominant SLC back­
grounds are soft, looping tracks which are apparent in the figure. Hadronic tracks 
stand out even in the presence of the backgrounds. 
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Figure 13: Hadronic decay of a Z0 recorded in the drift chamber vertex detector. 

6. Conclusions 

The MARK II drift chamber vertex detector has been calibrated with a sample 
of cosmic ray data taken with the entire MARK II detector. Stable drift velocities 
were achieved by careful control of the chamber temperature, gas pressure and 
composition, and chamber high voltage. The impact parameter resolution for high 
momentum tracks is 30 J.lm. Two tracks can be efficiently resolved if they are 
separated by more than 500 JJm. The chamber has successfully recorded Z0 decays 
in a brief checkout run at the Stanford Linear Collider and efficiently tracks dense 
hadronic jets in the presence of machine-related backgrounds. 
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