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Abstract of the Dissertation 

The Central Drift Chamber for the D0 experiment: 

Design, Construction and Test 

by 

Ties Behnke 

Doctor of Philosophy 

m 

Physics 

State University of New York at Stony Brook 

1989 

A cylindrical drift chamber has been designed and built at the State University 

of New York at Stony Brook. This chamber is to be installed in the D0 

· ~ detector which is being completed at the Fermi National Accelerator. In this 

dissertation the design, construction and testing of this chamber are described. 

The characteristic features of this chamber are cells formed by solid walls and a 

modular structure. Much discussion is given to the performance of and results 

!rom a chamber made !rom three final modules which was installed in the 

D0 interaction region during the 1988/1989 collider run. Using this chamber 

proton anti-proton interactions were measured at the D0 interaction point. 
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1. Introduction 

During the last two decades detectors in High energy physics became larger and 
larger. Increasing energy required deeper and larger detectors in order to be able 
to measure the interesting phenomena. The sucess of the standard model spured 
colliders of higher and higher energy with increasingly complex detectors. 

This work describes the construction of a part of one of these detectors, the 
D0 detector at the Fermilab proton anti proton collider, the central drift chamber. 
Design, test and construction of this device spanned a period of over six years. The 
work was performed at the State University of New York at Stony Brook. 

After discussing the general ideas of designing a drift chamber and the underlying 
· physical principles, the implementation chosen for the D0 chamber is discussed. The 

prcess employed in constructing the chamber is described in some detail. The last 
part of this work reports on different tests performed using several generations of 
test chambers. It ends by describing results obtained from a recent run taken at the 
Fermilab Tevatron using a chamber identical to the final one but smaller mounted 
inside the D0 interaction point. 
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2. The D0 detector 

The 00 detector is a general purpose 47r detector currently being constructed 
a.t the Fermi National Accelerat~r Laboratory in Batavia, illinois. It will be the 
second large detector operated on the Tevatron p - p collider. About 180 physicists 
from the United states, France and the Soviet Union are collaborating on the task of 
construction and operation of this experiment. 

D0 was formally started in the summer of 1983 as a counterpart/ complement 
to the other Tevatron detector, the CDF experiment. CDF at this time was already 
far advanced in design and under way in construction. The late start of D0 brought 
with it the major drawback, that the early physics runs of the Tevatron were missed, 
but it gave the collaboration the chance to start the design of a large detector for a 
p - p machine using the experiences of both CERN (UAl and UA2) and the local 
competitor CDF. D0 is a detector of "the second generation~. Techniques which 
were speculative during the UA1/UA2 and CDF design periods were well established 
and had proven their merit at the time when 00 was being designed. For example 
missing energy was accepted a.s the method of choice in finding and measuring many 
phenomena at hadron colliders- before the CERN U A* experiments this was a topic, 
whose importance has not been fully realized. 00 therefore could concentrate on 
designing a detector which was optimized for this type of physics. 

00 will address two classes of questions: It will measure known phenomena, 
improving the precision or confirming other measurements. The goal of this class of 
experiments may be summarized under the heading of tests of the standard model. 
Most prominently this includes precision measurements of the W-mass and width 
compared to the Z-mass and width. The other topic of interest to D0 is much less 
well defined. The new energy range of 2 Te V opens the possibility for new phenomena 
not embedded in a well established theory. Here the detector has to be flexible rather 
than specific: so that it is sensitive to the broadest possible range of questions. 

In the following chapter some of the physics topics relevant at the D0 experiment 
will be discussed briefly. Then a general description of the detector will be given and 
the role of the central drift chamber in the whole detector will be described. 

2.1. Physics at D0 

During the last decade the so called Standard Model has come to be accepted as 
the best theory of weak, electro-magnetic and strong interaction. In the Glashow
Weinberg-Salaam model the unification of weak and electromagnetic forces has been 
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achieved. The discovery of the\\' and Z intermediate vector bosons in CERN in 1982 
provided a spectacular confirmation of this theory. Howe,·er a number of questions 
-remain unanswered even in this "ideal" theory. In order to provide masses to the 
gauge bosons in the theory~ "artificial" techniques have to be employed. The most 
frequently used one is the introduction of a massfre scalar particle~ the Higgs Boson, 
which through a process called spontaneous symmetry breaking provides a mass to 
the \V and Z Bosons. However besides the fact that no experimental evidence exists 
for the Higgs no theoretical evidence exists either besides the statement "it works". 
Equally unsatisfactorily is the existence of some 28 free para.meters in the theory 
which can not be calculated but ha,.-e to be put in by hand. Particularly bothersome 
are tht" sizes of the different mass scales observed in nature. The electroweak theory 
happens bt"low the 100 GeV threshold, with the \V and the Z masses the heaviest 

• obsen·t-d objf"cts so far. This has to be compared to a grand unification mass of the 
order of 1015 Ge Fi c2 for the simplest Grand l: nification ~Iodels, or the Planck Mass 

· (l0 1 ~GtF/r2 ), if gravity is to be included. This tremendous step in energy requires 
that the difft"rf"nt parameters W"hich set the masses e.g. of the coupling vector bosons, 
have to bt" defint-d tu an incredible accuracy of the order of 15 or 19 decimal places 
rf"spectively \\ hil~ not impossible it is not an appealing picture of nature . 

.!\Jany mod~!~ of unification exist. The simplest one· including only the elec
troweak and the strong interaction and combining them in a SU(5) theory are more 

-or IP~s rulrd out by experiment. More complicated ones usually includf" gravity. The 
mo~t ••m1mnnly found feature of this class of theories is that they include a new sym
mt-t n. 1he so callt-d supt>rsymmetry. In supersymmetri<" tht-ories fermions and bosons 
illre t rt"ated on an exactly equal footing. This means in particular that e,·ery fermionic 
pdrticle has a bosonic partne-r. and vice versa. Since !'Upt"rsymmetry is not readily 
.. hst-n ed in nature it has to be a broken symmetry. It can be shov:n that it is easier 
le• kt'ep the theory consistent with present experimental results if the mass spectrum 
of 1 he ~upersymmetric particles lie in the 1 Te\' rangt-. Obviously this opens a whole 
nt"w rhallenge for the experimenter in trying to find these new states. 

~fore recently string theories have drawn a lot of attention as a possible candidate 
uf the "final" unification of all forces. From the c:-tpeTirnenters point of view string 
theories are not ,·ery attractive howe'\"er. So far no uruque description exists which 
would allow it to come down from the intrinsic string theory mass scale, which is 
of the order of tht" Pla.nck mass. to something accessible by today's, or even tomor
row's, e.xperimcnt.s. Adclit.ionally st.ring theories reside naturally in more than three 
dimensions. Again no unique way has been found to compactify or otherwise break 
down the additional dimensions to come to a description of the observed world in 
four dimensions. At this point no experimental pre-dictions exist which would show 
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the presence of string theories. Everything predicted by these theories in their low 
energy forms can be easily obtained by c.ther non string models. An experimental 
confirmation of the existence or nonexistence of string theories seems very difficult, 
if not impossible. However in the opposite direction the discovery of some new phe
nomena at high energy might provide glimpses at which way to choose for a further 
unification of forces. 

A very important experimental question at this time is the validity and the limits 
of the standard model. Measuring the W more precisely will allow a more stringent 
test of the model because higher order corrections will have to be taken into account. 
Finding the top quark or the Higgs would provide valuable information about the 
structure of the model. 

In particular the following questions will be addressed by the 00 detector: Low 
J1t proc-esses (minimum bias physics) 

- mini jets 

- multiplicity at high .J; 
Precision measurement of the \\T /Z properties 

mass difference 

- decay widths 

production mechanism 

rare decays 

decay asymmetries 

T~st o{ QCD at very large q2 
- jet topological cross section 

- compu~iteness searches 

direct photon study 

Searches.for new statt"~. extensions of the standard model 

- new families 

- Higgs Sector 

- heavy Leptons 

new quarks (including the top) 

additional gauge bosons 

~ew phenomena at large q2 

- supersymmetry 

technicolor 
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- strings??? 

.Many of the phenomena listed above share signatures which are principally sim
ilar. These are the measurement of missing transverse energy in the event, the mea
surements of an 1solated electron and the measurement of muons. Missing transverse 
energy is used to induce and measure the role of non interacting neutral particles in 
the event. For "standard"" topics this will mean the participation of a neutrino, for 
more exotic processes this might be a supersymmetric particle. These signatures are 
important because they allow to separate semileptonic decay modes of heavy particles 
from the QCD background of the p - p interaction. Transverse energy as opposed 
lo tot al energy has to be used because some undetermined amount of the energy is 

~ fl.owing down the beam pipes and escapes the detector unseen. Making the detector 
as hermt'!tic as possible will help increase the accuracy to which the transverse energy 
can be mPasured. Increasing the segmentation of the de,·ice will also help since it will 
be possiblt" to measure the :flow of energy in the detector more precisely. 

Leptons can be equally important in pinpointing interesting reactions. The decay 
. of a heavy quark ~.g. into a lighter quark and a lepton/neutrino pair will produce 

a hadronic jet on one side of the event, a lepton and missing energy. Ideally the 
detector should be able to identify any lepton, even if it is surrounded by other 
hadronic energy, and to measure its energy. Practically this can be done only for 
muon.5- not for electrons. 

fhis sumn1arizes the main requirements for the detector: 

Ht-rmt"ticity: The sensitive part of the detector should co\'er as large a fraction of 
the solid angle as possible. In order for the coverage to be useful no cracks or hot 
spots should exist ..,..ithin the covered region. The segmentation of the calorimeter 
should be fine both in depth and in the transverse direction. 

Lepton identification: The detector should be able- to identify and measure elec
trons and muons as precisely as possible. 

A detailed monte carlo study has been performed by R. Raja at Fermilab to 
t"Xplore the performance of the D0 detector for V\." /Z physics [ 1 j. Fig. [1] shows 
some of the results. The top plot shows th<- highest top quark possible as a function 
of total integrated Luminosity. The two lower plots explore two different scenarios, 
using the D0 detector. In the middle plot a total of lOph- 1 of data have been 
accumulated. The \\·-mass can be measured using the 00 detector to 0.25 Ge\'. A 
precise measurement can be used to put limits on the mass of a top. 

In the bottom plot it i'S assnmc:d that the \V-mass has been measured to 0.125 
Ge V and that the lop has ~n di-scovered. If this is the case the precise measurement 
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Figure 1 • Discovn-,· limits for the top quark for u a func&ion of'integraied lumi~osity (top plot). 
Other plots: Implication of the w-m~s on the top mau. Lef't bottom plot: lOph- scenario at the 
Te\"atron. Right bottom plot; 1oop11- scenario. 
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l"ew heavy quark pair 
Large splitting 

degenerate 

Heavy Lepton pair 
Large splitting, "'-' = 0 

~enerate 

Hea'\"y squark pair, slepton pair 
Large splitting 
D~p;enerate 

Winos 
m3;,<< 100Gel'/c

2 

m3;.;» 100Gel-'/c
2 

Technicolor 
sugz.si·8 

0 16 

Table 1 
• Shift in the \\" mass due to ~fi'ects beyond the standard model. 
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6Mn(Me\') 

300 
-41 

300 
-14 

100 
0 

100 

< 10 

-500 
-500 

of both quantities can be used to indirectly set a limit on tht- Higgs mass as indicated 
in th,. plot. In this scenarios of course it was assumed that the standard model in its 
minimal formulation is correct. The introduction of for example more than onf' Higgs 
wo11ld rhange the situation. 

To j]Justrate the importance of a precise knowledge of the \\"-mass table 1. lists 
a few 1mplic:ations of shifting the \\~-mass. 

2.2. Descrip~ion o{ the 00 detector 

In order to match the above requirements "'·ith an actual detector design, the 
DU detector was split into three very different and distinct subdetectors: the inner 
detector. the calorimetr)· and the muon system. The inner detector measures charged 
tracks and identifies electrons, the calorimeter measures the energy of all particles 
and the muon system identifies the muons in the event and determines their energy. 
DO optf'd for a.n inner detector without a magnetic field. The magnetic field is usu
ally used to measure the momentum of charged tracks. Omitting the field eliminates 
this possibility. but it allows a very compact inner detector with relaxed re<iuire-
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Figure 2 • Cross section through the calorimeter showing the central and the forward parts ~ 

ments about position resolution. A compact inner detector in turn allows for a larger 
calorimeter without driving costs to astronomical heights. Since at high energies 
calorimeters provide equal or better energy measurements than magnetic fields it was 
felt that thf' advantages of a very good and deep calorimeter are larger than the one 
of a magnetic field in the center of the detector. To partially compensate for the loss 
in particle ID a transition radiation detector was included in the inner detector. The 
transition radiation detector is able to distinguish an electron from other (heavier) 
charged particles. It detects radiation which is emitted if a highly relativistic particle 
traverses a boundary between two materials with different dielectric constants [ 2 ]. 
This device allows the identification of electrons in a crowded and noisy event with 
reasonably good accuracy. 

2.2.1. The calorimeter 

The 00 calorimeter is the central part of the whole detector. It consists of three 
main components, the central calorimeter, a forward and a backward calorimeter. 
Each is layered into three subparts, an electromagnetic part, a fine hadronic part 
and a coarse hadronic part. Fig. [2] shows a cross section of the- calorimeter. The 
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electromagnetic section of the calorimeter covers the first 20.5 radiation length. This 
a.nd the following fine hadronic section are Uranium liquid Argon calorimeter. The 
last section., the coarse hadronic one~ is made from copper plates and is mostly meant 
to serve as a leakage -calorimeter to confine the tails of high energy hadronic showers. 
The following tab\e summarizes the data for the central calorimeter (a more detailed 
list can be found in [ 3 ~: 

A number of tests performed using prototypes of the different calorimeter modules 
hav~ established the performance. The follo\\;ng Jist summarizes the results. 

CCE!\1 ECMH 
linear response ~ 1/23 < 23 

energy resolution 153 
=::: TE 213 t -=::: TE or E 

483 fi -::::: TE or 7r 

e/h ratio (e/h) = 1.04 .. 0.03 

Table 2 lists the geometric data for the diffe~t calorimeters in the 00 detector. 

Fig. f 3: shows the result of a moate .rarlo analysis studying how often a simple 2-jet 
event will be mismrasured to be a.n event with missing energy. The missing energy 
in this plot ism~ by a variable introduced by the UAI collaboration [ 4 ] : 

(2 - 1) 
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CCEM CCFH CCCH 
Rapidity interval -1.2 to 1.2 -1.0 to 1.0 -0.0 to 0.6 
Inner Radius /cm 84.5 106.3 171.4 
Outer Radius /cm 103.9 165.7 218.7 

Absorber u u Cu 
Active Medium LAr LAr LAr 

# of modules in 4' 32 16 16 
Minimum ionizing 157 685 178 

particle signal/tower(Me V) 

Table 2 
Partial specifications of the 00 central calorimeter. CCEM = central calorimeter electromag
netic section, CCFH= central calorimeter fine hadronic section, CCCH= central calorimeter coarse 
hadronic s~ction. 

r. -- --· -
ECEM ECIH ECMH ECOH 

Rapidity interval l.55 to 3.8 1.5 to 5.2 1.1 to 2.0 0.64 to 1.48 
Inner Radius /cm 4.7 3.9 87.63 161.8 
Outer Radius /cm 105.2 86.4 160.5 226.1 

Absorber u Cu Cu Cu 
Active Medium LAr LAr LAr LAr 

Minimum ionizing ? 1859 liOO 1070 
parti~~i]nal/to_"~er(MeV) 

Table 3 
Partial specifications of the endcap D0 calorimeter. ECEM = endcap electromagnetic section, Ecn......, 
= endcap inner hadronic section, ECMH = endcap middle hadronic section. ECOH = endcap outer 
hadronic s~ction. 

For comparison the f'!quivalent curve for the U Al experiment is also drawn. Clearly 
D0 can expect to do considerably better than UAL This is a result of the better 
resolution of the calorimeter. 

2.2.2. The muon system 

In order to be able to identify and measure muons as good as possible, a so
phisticated muon system is being installed in 00. It consists of a large Iron Toroid 
surrounding. the whole detector which is magnetized to a field of approximately 2 T. 
In front and behind the toroid 3 layers of drift tubes are mounted which will measure 
tht" track of muons before and after the iron. This will allow a measurement of the 
moment of the particle by determining the bending angle. Muon chambers cover the 
solid angle down to 11° in 0. A special small angle muon spectrometer (SAMUS) is 
inserted in the hole below 11° to extend the coveragt" down to the beam pipe. 

The main part of the muon system is made from drift tubes. Vernier pads give the 
z-readout. Three layers of cells are combined into large planar chamber arrays. 1 set 
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Figure 3 • Monte Car]o .si~u]ation of the fraction of 2-jet events mismeasured to havP. a missing 
transverse energy ~ = (Pzmau) /0.5 • :£1.). 

of these drift tu bes is mounted in front of the toroid, 2 spaced apart 1 m are mounted 
behind it. This way the bend and the exit direction of the muon can be measured. 
The entry direction can be determined by using information from the central drift 
chamber. Typical performance data from tests are: 
resolution in drift ::: 200µ.m 
resolution in z =: 3mm 
momentum resolution of the set of three chambers~::: 183,p:::; 300GeF 

2.2.3. The central detector 

Fig. [4) shows a cross sectional view o{ the central detector. It has two dis
tinct components: Drift chvnbers and a 1.nllsition radiation detector. The later is 
sandwiched between two sets of drift chambers~ the vertex chamber close to the beam 
pipe and the central G.riit. chamber at the outside. The transition radiation detector 
allows the discrimination o{ dectTona from other particles. For a detailed discussion 
on the functioning of transition radiation detectors see [4;. In [ 5 ] the speci~ 00 

__ _implementation of this detector is described in detail. The important result is that 

--
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. Figure 4 • Crossectional view of the central detector, including the forward drift chambers. On?' 
quarter of the whole detector is shown. 

in tests a pion rejection at a 103 electron inefficiency of better than 50 has bet-n 
achieved. This "-ill greatly help in the identification of electrons in e\·ents, in partic
ular of electron close to jets, where the calorimeter is no longer able to make a clear 
distinction. 

The innermost part of the central detector is the Vertex Chamber. It is a high 
precision-jet chamber like drift chamber. Its ma.in purpose is the precise measurement 
of tracks close to the interaction point in order to be able to reconstruct vertices. The 
final goal of this would be to identify multiple interactions and secondary decays by 
measuring secondary vertices. To help in the identification of electrons in the event 
the chamber will also be used to veto "fake" electrons, which give a signal in the 
TRD, but which are really converted photons, therefore leaving no track in the Ver
tex chamber. The main performance data achieved with a test chamber in a fixed 
target test beam are listed below: 

resolution 
2 track resolution 

50µm at 8 mm drift 
700µm at 90 3 efficiency 

A detailed description of this chamber a.nd its performance can be found in [ 6 ]. 
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The for·ward and backward drift chambers cover the rapidity range below approx
imately 17 = 1. Three layers of cells are arranged in z, with wires in two cells running 
tangentially to a circle around the beam, in the middle module radially out from the 
beamline. Characteristics and performance of these chambers are very similar to the 
centra1 drift chamber and will not be discussed here in detail. For a description of 
the mechanics of these chambers see ( 7 J. 

Of' most interest in this work is the central drift chamber. The central drift 
chamber covers the rapidity range from -1 to I and the radial range from 51.8 cm to 
71.9 cm. It has two main purposes in the detector. The chamber should measure all 
charged tracks in space as accurately as possible in order to help in the reconstruction 
of the event and in the understanding of the event topology. It should help the TRD 
in distinguishing overlapping electron pairs from conversions or 7ro decays from single 
"real" electrons. 

Since there is no magnetic field in the central region tracks are straight as they 
pass through the chamber. This greatly simplifies the task of reconstructing tracks. 
Since no momentum has to be measured the requirement on the resolution of the 
chamber <"an be relaxed. Events generally will look cleaner since low momentum 
tracks ";11 not curl up and produce many space points. On the other hand any track 
wiU look straight, making it difficult to decide which one is a real track and which on 
is some low energy background radiation. Overlapping tracks will remain overlapping 
for the whole pass through the chamber making their recognition more difficult. 



3. General Design of the Central Drift Chamber 

Starting from the physics topics outlined in the last chapter and the role of the 
central drift chamber in this scenario a set of basic design parameters will be presented 
in this section. It should he noted that any design of a complicated object like a large 
drift chamber is a compromise between many factors. Besides the question whether a 
chosen design value will deliver the optimal performance possible, very often questions 
of practicability and cost have to be taken into account. 

The central drift chamber in 00 is constrained by a number of factors. It has to 
fit into a small physical space, limited on one side by the TRD, on the other side by 
the calorimeter. It has to be as lig it and transparent as possible, while still being able 
to detect charged particles with a high efficiency. There is little space for electronics, 
cables or 01 her peripheral devices. 

On the other hand as much information as possible is to be extracted from this 
limited space. A number of basically different designs for drift chambers exist. The 
most common one at collider experiments is a chamber where all the field forming 
and all the electrodes are made from wires. Examples for this type of chamber are the 
SLD chamber [ 8 ]. These chambers are fairly easy to built and offer good mechanical 
accuracies. However in a tight space as given for the 00 chamber they have sorr~ 
drawbacks. Xeighbour cells need to be separated from each other electrostatically. 
If only wires are forming the cells a fairly large distance bet ween cells is needed 
for efficient separation. The other approach is to use closed cells, with solid walls 
::ieparating cells. This is the basic design chosen for the D0 chamber. Solid walls 
allow to have less dead space between neighbour cells, because an efficient electric 
separation of the cells is guaranteed. It is now possible to use cells which are staggered 
in <P for different layers. 

The ·other basic design question to be resolved is the method used to determine 
the z-co.ordinate in the chamber. 'Wires strung at an angle to the beam direction 
alternating with wires strung along the beam are one possible approach (stereo layers). 
Again though the same problem appears. In order to decouple the stereo and the 
normal layers a large space is needed between them. In the D0 case this would mean 
the loss of a large part of the available room~ and is therefore unacceptable. The 
method chosen for D0 is the use of delay lines for the z-coordinate. Delay lines are 
long coils which are mounted along a sense wire. A signal arriving on the sense wire 
will induce a signal on the delay line. This signal will propagate down the line towards 
both sides. By measuring the time at both ends a determination of the z-coordinate 
is possible. A more detailed discussion of the principle of delay lines will follow in the 

14 



'"' :;-... ~-··· 
~' '·· .. :~ . . " ~ .. 

General Design of the Central Drift Chamber 15 

t t f f + - + 
f 

..,.+-+-
•• .... • • - • +++ • 

~ • 
> .... • • -+ " - ·--.. a. - .... ·---.-..~-.... -.. .. ... ·- _ .. T•" 

UI • • .. • • .. 
n .. 

Figure 5 . A vpragP multiplicity of charged tracks as a function ofthe average tran.wena: mwmu.•ntum 
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rhapter on cie]ay lines. A chamber with solid walls is ideally suited foe df'f.ay lines. 
bf'"r11nse the walls offer convenient surfaces on which to support the Jines.. 

fhe requirements for the chamber were outlined in the Jast section. Y'lic absence 
u{ a need for extreme high precision allows the USC of fair)y )al!C drift distances. 
\\"ith a nomina1 time between beam crossings of 3.Sµs at 6 bunch operation and an 
as!;umed drift velocity of 40µm/ns this translates into drift gaps slightJy more than 
i l·m for 2.0µs ma."<imum drift time. This allows about lµs of total delay \~me on the 
z. read out elements. Taking this time and the radius of the dtamber as about 60 cm 
32 cham hers around the circumference come closest to this requirement. This makes 
sense also in view of the average multiplicity of mL.nimum bias events as observed 
e.g. by CDF at 1.8 TeV ( see Fig. [s: ). For interesting events a. charged particle 
multiplicities around 30 is observed in a rapidit~· range i11i ~ 1. This would translate 
into an average occupancy of ea.ch cell ill the chamber of 1 tuck per event. Of course 
for interesting e\·ents this can be locally much higher, in particular with the presence 
o{ jets many tracks 1"11 can«.ntia.ie in a few cells. However it shows that on the 
average the chambr.r1s: tu·n .f£r bdow critical pile up conditions. 

With drifts of tht" order of a few cm and norma] drift gases, resolutions around --
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Fig~r~ 6 • Rapidity distribution for tracks participating in a jet, relative to the jct axis. CDF 
preliminary ...,,; 

200µ.m a.re routinely obtained. In order to maximize the double pulse separa.tion the
signals on the sense wires should be digitized. Double pulse separation is of particular 
importance- for jet physics~ were many tracks are found in a small cone. Fig. '.6; 
sho\\"S a plot of the rapidity distribution for tracks participating in a jet : 9 ~. For 
a rapidity interval of l the number of charged tracks is around 4 for a longitudinal 
momentum cut of 600 MeV. Assuming the worst case scenario that all tracks are 
det~cted in one cell of the CDC, the average angular separation between the tracks 
is 2.25° .. ·At an aYerage distance from the beam pipe of 55cm this translates into a 
distance between tracks in drift of 2.2cm. A goal of a double track resolution of 2 mm 
therefore or a factor 10 better than the average separation is a good starting point. 
Assuming a drift velocity of 40 µ.m/n3 2mm corresponds to 50 ns separation in time. 
This is realistically obtainable with drift chambers and digitization electronics. 

In z basically the same criteria a.pply. In particular important is the ability 
to separate multiple hits as well as possible. The most common choice is charge 
division, which for gains around 104 will give a resolution of approximately 13 of 
the wire length. 'With 1.80 m long wires that would give about 18 mm resolution 
in the CDC. However the double hit resolution is poor for charge division systems. 
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inner radius 
outer radius 
length along z 
# of modules in 4» 
Max drift distance 
l\fax drift time 
Max propagation time in 1 

Resolution in r - + 
Resolution in r - z 
Two track resolution in r - ~ 

Two track resolution in ,. - z 

Table 1 

51.8 cm 
71.9 cm 
179.4 cm 
32 
d = 71.9cm •tan 5.625° = 7.08cm 
l.8µa 
~ l.7µa 
200iim 

::::::: 10 •aa:i.J 
2mm 
::::::: lOc:m 

• F.xpec-ted/projected performance parameters for the CDC 

··-----..... 

A better choice turns out to be delay lines. The obtainable resolution is somewhat 
better than <"hargt" diYision~ but mostly the double hit resolution is superior. This 
is being counterbalanced by a longer time needed to read the delay lines out and by 
the mechanical complications introduced by the lines and the additional material . 

. For the length of the CDC and typical delay line velocities of 3 mm/ns total delay 
times in the range below lµs are obtainable. At a beam crossing time of 3.5µs at the 
TeYatron and a maximal dcift time of a little over 2µ.s this is acceptable. The reduced 
rate capabilit)· will not be a problem with the current Te,·atron Luminosity. Howeyer 
if the collider should be upgraded to a higher collision rate pile up will ouur and the 
delay lines will ha,·e to be replaced with faster ones. 

Ta.ble 1 summarizes the performance criteria of the central drift chamber. 
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4. Physics of the Drift Chamber 

4.1. Introduction 

Detectors to measure the trajectories of charged particles play an important role 
in Particle Physics. During the last two decades gaseous detectors have dominated 
this field. Together with good spatial resolution they offer the possibility of a com
pletely electronic readout, which is very important in todays high rate experiments. 
Only recently solid state detectors have started to replace gaseous detectors in some 
areas~ notably, where extreme precision is required. Experiments to resurrect optical 
detectors are only in the early stages. (Scintillating fiber detectors, or detection of 
VV light of avalanches e.g.). 

The more or less remote ancestor of all gaseous detectors is the "Geiger Miiller 
Zahlrohr". This is a device developed in the last century which uses avalanche mul
tiplication to count charged particles. Descendants of this detector, which are in use 
in modern experiments, are the multi wire proportional cham her and the drift cham
ber. In its modern form theses detectors were pioneered in the 1960's by Charpak 
et.al. . ; 10 ; They showed that large chamber systems are possible without disastro...__, 
interference between neighbour cells and developed the first large chamber systems. 

The first type of chamber used was the planar proportional chamber. Typically 
many parallel wires are strung in a plane, spaced usually a few mm apart. [ 11 ] Many 
of these planes can be put on top of each other and used alternately as anode and 
as cathode planes. A potential is applied between planes. If a particle traverses this 
arrangement, its trail of charge will be detected by the anode wires and the position 
of the hit wire will give the position of the particle. The more planes and the closer 
spaced the wires, the better precision can be achie\·ed. 

Proportional chambers have the advantage, that they can be operated at very 
high rates of incoming particles. Achieving a good spatial resolution however means 
a very large number of wires and readout channels. The next step in the development 
was the drift chamber, which offers nearly all the advantages of the proportional 
chamber, but allows a much more precise localization of the particle with fewer wires. 
The basic idea here is, that, in addition to recording the 'IlUm her and position of the 
wire hit one also measures the time it takes the charge from the moment of ionization 
to arrive on the sense wire. [1][ 12 ] Knowing the field configuration in the chamber 
one can deduce the drift path and therefore the distance at which the particle passed 
the wire. The gain in position accuracy is "payed for'· by the necessity to control 

18 



Physics of the Drift Chamber H 

the electric field in the chamber much more precisely than it was necessary in the 
proportional chamber and by some loss in rate capability. However if real three 
dimensional reconstruction of an event is required, drift chambers are unsurpassed. 
Especially in collider experiments of the last years spatial event reconstruction has 
been done nearly exclusively with drift chambers. These chambers often operate in 
a magnetic field, thereby allowing measuring of the particle momentum as well [ 13 ] 
[ 14 ]. Progress in the understanding of the drift process and the properties of gases 
resulted in the development of high precision drift chambers with accuracies of the 
order of 40 µm. [ 15 ] A rather complete discussion of proportional and drift chambers 
and the underlying physical processes can be found in [ 16 ] [ 17 j. 

4.2. Ionization of gases by a charged particle 

If a charged particle traverses a volume of gas, it will interact electromagnetically 
with the gas molecules / atoms and, if at sufficient energy, leave a trail of ions and 
electrons. behind. ln interacting with the gas the particle looses some of its energy. 
This energy loss is described by the Bethe Bloch formula (BBF): / 18 ] 

v.·here 

m.I" 

Z,A. p 

z. 3 

dE k Z p {l 2mc
2 
8

2 
Et.t _ 282} 

dr - - .4 P2 n 12( 1 - {32) 

k _ 21f"Nz 2e4 

- mc2 

;\ ,·ogadro ~umber 
electron mass and charge, respectively 
atomic number, atomic mass number, density of the medium 
charge number, velocity of the projectile 
maximum energy transfer between the projectile 

and the medium: EM = (2mc2/!)/(I - 8 2
) 

effective Ionization potential 

(4 - 1) 

Fig. :1: shows a plot of the BBF at atmospheric pressure for 2 model calculations 
and the measurements. For small (3 ((3 < 0.97 typ.) -the particle is not highly 
relath·istic- dE /dz falls off sharp[~· with jncreasing 8. It then reaches a minimum and 
stays nearly constant for some range of 8. Only for very relativistic particles dE / dx 
starts to increase again slowly (relativistic rise). A particle with a f3 such that dE/dx 
is minimal is called a minimum ionizing particle. 

The Bethe Bloch Formula describes the mean energy loss of a particle for a given 
f3. The actual energy of a specific indi,·idual particle is statistically distributed around 
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this mean. The distribution is a rather broad one with a tail towards large t'nergy 
losst's due high energy knock out electrons (6 - rays) ( Fig. [8] ). 

The above shown BBF is a simplified version. More sophisticated treatments_ 
\\•er!' done e.g. by Landau and Sternheimer [ 19] Phys. Rev. B3,3681 (1971). The 
main source of uncertainty is the question how to treat the mean ionizing potential 
I. The best agreement so far between experiment and theory has been achieved with 
a model·, that takes the shell structure of the atoms into account ( Photo Absorption 
Ionization Model). 

4.3. Primary/ Secondary Ionization 

If a particle passes thru a gas volume, it will produce a number of Ion pairs. The 
number of pairs depends on the energy loss of the projectile and on the average energy 
needed to produce one ion pair. The number of this 10 called primary ion pairs n,. can 
not be easily computed, however there exist a number of measurements that can be 
used to estimate it ( Fig. [9] ). Some of the electrons produced in the collision with 
the projectile may ha\'e enough energy to ionize themselves another atom/ molecule 
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Figure 8 • Fluctuation about the mean energy loss for 3Ge\' electrons and pions for Argon-CH4 
mixture. ~KL 82~ . . 

in the gas. These so produced pairs are called secondary ion pairs. The total num her 
of Ions and electrons n. can be written as: 

where 

~E energy loss of the projectile 

~E 

nr = Hi 

n; average energy needed to produce one ion pair 

For gas mixtures a simple linear law appiies: 

(4 - 2) 

(4 - 3) 

where ~E and \\" are defined as above, and fi is the fraction of gas i in the mix. 
For example for the gas used in the 00 chamber, the MARK II gas (93% Argon, 43 
C H4~33COi), the numbers are: 
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Gas 

Ar 
CO, 
CH4 

tiE I dz( el'/ cm) 
2.44 
3.01 
1.48 

n; 
26 
33 
28 

This yields for MARK II gas the numbers 

np = 29 pairs/cm 

nr = 93 pairs/cm 

n,. 
29.4 
34 
16 

For this gas the &.\'erage distance between primary interactions is about 350 µ.m and 
every primary electron produces ~ 3.2 secondary pairs. However as it has been 
pointed out in the case of the energy loss thls process is a statistical one with large 
fluctuations a.round the mean, in particular with a large positive tail. Large fluctua
tions in the total number of ion pa.irs and therefore eventually in the pulse height of 
the detector are to be expected. 

-= 
4.4. Drift of Ions and Electrons in Gases 

... 
·"!-
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4.4.1. Drift of Ions 

Under the influence of an electric field, the electrons and the ions produced by a 
projectile in a gas volume will start to move in opposite directions. In addition they 
will randomly move atou.nd and collide with gas, loosing their energy and thermalizing 
quickly with the environment. In a constant field an equilibrium will be reached 
quickly and the electron/ion will mo\·e with a constant velocity w±. It is customary 
to define a. mobility for electrons/ io.ns as 

u.·= 
µ± -

E 
(4 - 4) 

For Ions the drift velocity w increases linearly with the electric field, the mobility 
therefore is independent of E. For a mixture of different gases the effective mobility 

is given by 

_1 - ~..!!_ 
+ - L.. + 
~ j=l ~j 

(4 - 5) 

where 

Pi percentage of gas j in the mixture 

If the different gases in a mixture have different ionization potentials: within typi
cally 100 to 1000 collisions the charge of the ions will be transferred to the component 
with the lowest ionization potential. For a mean free path of the order of 10-5cm this 
will have happened after drift lengths of 10-3 to 10- 2 f- 1 cm. where f denotes the 
percentage of the gas with the lowest ionization potential. As an example consider 
the abo\·e mentioned 1\1ARK II gas: 

for Mark II Gas 
Ar 
CCh 
CH4 

I /e\° 
15.8 
13.7 
13.1 

CH4 has the lowest ionization potential and will therefore dominate the drift 
process. In Mark II gas the fraction of C H4 is 3 %, and the mean free path less than 

10-
4 

cm. After 10-4 /3% cm = 330µ.m essentially only C H4 ions will be drifting. 

4.4.2. Drift of Electrons 

The situation is slightly more complicated in the case of the electrons. Because 
of the very small mass electrons under the influence of electric fields may acquire 
substantial energies between collisions far exceeding the average energy. Complex 
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quantum mechanical processes take place if the de Broglie wavelength of the electron 
comes close to the wavelength of shells of the gas atoms/ molecules (Ramsauer effect). 
The elastic and inelastic cross sections acquire strong and non monotonic energy 
dependences, which are also material dependent. Small admixtures of different gases 
may substantially change the drift. properties of the resulting mixture. As a result 
the drift velocity for electrons of most gas mixtures is strongly energy dependent. 
Typically for argon based mixtures the v'elocity first increases rapidly with the applied 
field, reaches a maximum and then becomes more or less saturated. Fig. [10] and 
Fig. [11] show some sample plots of drift velocities in different Argon based mixtures . 

· This strange behaviour of the drift velocity can be qualitatively understood fol
lowing a path of reasoning proposed by Palladino et.al. in [ 20 ]. 

Let ..\ be the mean free path between collisions for electrons in a gas, v the 
instantaneous drift velocity. The average time between collisions is then given by: 

..\ 
t = (-) 

v 
(4 - 6) 

Naively the drift velocity w along the direction of the applied field is than given by 

eE ..\ 
w = -(-), 

m v 
(4-~ 

where the average is to be taken over the velocity distribution /( v) of the electrons. 
Eq.( 4- 7) is not completely correct, it can be shown, that the more general expression 
IS 

2 eE ..\ 1 eE d..\ 
w = --(-) + --(-) 

3 m v 3 m dv 
(4 - 8) 

In between two collisions the electron will gain an average energy per time of 

~f = eEw (4 - 9) 

If A( f) is the mean fractional energy loss between collisions, the energy lost in one 
collision is A( E)E, and the average energy loss per time 

(4-10) 

Energy conservation requires, that [10] is equals to Eq.( 4- 9), once an equilibrium 
has been reached: 

(4 - 11) 
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To calculate A( f) one needs to know the energy distribution of the electron. Under 
the assumption that the momentum transfer mean free path is independent of the 
energy and that the energy is distributed according to a Maxwell like distribution one 
can calculate the averages and derive expressions for v, w ,D and f: 

from which follo\\'s 
2eE>.. 1 1/ 2 

v = [----=] 
m v3A 

1/2 1/2 
w = [2eE>.. J = [!vi\] 

3m 3 3 

m>.. ~ 1/2 1 A 1/2 
D = [- -] = [--] 

6eE 3 3 v 
eE>.. 1 2 

E =--= = -mv 
v3A 2 

EK = (£) 

( 4 - 12) 

The important parameter in this description are .\ and EK. Their behaYiour in prin
ciple can be calculated from the electron cross section of the gases in question. 

Fig. iJ2j shows the electronic cross section as measured for argon. J\ote the dip 
at energies around 0.3 e \'; this is a consequence of the before mentioned Ramsauer 
effect. For electrons \\"ith energies below 0.3 e V ! the cross section falls off rapidly with 
rising energy. One expects therefore that the average energy of the electron increases 
and the fractional loss decreases with a resulting strong rise in the drift velocity and 
Ex. Af1er the minimum the cross section st arts to increase again rapidly. The increase 
in drift velocity therefore should slow down and quickly level out to a nearly constant 
value. As can be seen from Eq.( 4- 12)~ that means that EK behaves similarly but 
with twice the slope of w. Only once a sizeable fraction of the electrons reaches an 
energy equal or abm·e the ionization threshold of Argon~ .\ will increase drastically 
with an resulting increase of w. 

However the behu·iour of Argon alone is not sufficient to explain the leveling of 
and -in some cases- falling off of the drift velocity observed in many Argon based 
mixtures. For this the contribution of the polyatomic gases are needed. Fig. [13] 

shows the excitation cross section for C02 • C(h is a polyatomic molecule and has 
other degrees of freedom besides the electronic excitations. It can be excited into 
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Figure 12 . Momentum transfer cross s~ction in Argon. 

rotational and vibrational modes as well. In the energy region from 0.1 to about 
1 eV. vibrational excitations are rather large. For a few eV in this region they are 
the dominant effect in the total cross section. Here the fractional energy loss will be 
very la.rge, since inelastic collisions dominate. Following the same argument as for 
argon this will yield the leveling off and eventual saturation of the drift velocity. As 
the energy increases however the vibrational excitations are no longer the dominant 
factor. The effective fractional energy loss becomes 

A=~ 
£ 

(4-13) 

where f.m.a is the highest vibrational energy. According to Eq.( 4- 12) this means that 
w is approximately constant. This effect will dominate e\·en once the energy crosses 
the ionization threshold for Argon. 

The interplay between the Ramsauer dip in the argon cross section and the ad
ditional means of excitation available in polyatomic gases allow an qualitative expla
nation of the observed behaviour of drift velocities in Argon based mixtures. A more 
quantitative discussion can be found in the paper by Palladino and Sadoulet 120). 

An important consideration for drift chambers is the question of how many of the 
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Figure 13 • Excitation spectrum for C02 ,showing the different contributions. Qmis the momentum 
transfer cross section, Qv the vibrational cross section, Qz the electronic excitation cross section, Qi 
the ionisation cross section. 

initially produced electrons will survive the drifting process. and how many will be 
lost along the way. The main process contributing is the attachment of the electron 
to an electro negative molecule. The electro negativity of gases varies widely; it is 
basicall~· zero for noble gases, very large e.g. for oxygen. The following table shows 
the probability of attachment h, the number of collisions of an electron with the gas 
molecule under normal conditions without an electric neld. and the avera e attach-

Gas \ h N s- t s 
C02 6.2 10- 2.2 l O 0. 71 10-
02 2.5 10-5 2.1 1021 1.9 10-3 

H20 2.5 zo-5 2.8 10'21 1.4 10-7 

CJ 4.8 10-4 4.5 1021 4. 7 10-9 

Both oxygen or wa.ter have rather short attachment times. Small amounts of 
- either substance in the chamber gas may inhibit proper drifting over anything but 

very small distances and therefore keep the chamber from operating properly. Care 
has to be taken to keep these and other electronegative materials out of the chamber. 
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The number of electrons lost is given by an exponential law: 

• n -r 
- =e c 
no 

k denotes the mean free path for capture. 

where 

w driftvelocity 

u instant velocity, u = J2E/m 

.>. electron mean free path 

k = w.>. 
huf 

(4_::- 14) 

( 4 - 15) 

f fraction oft.he pollutant in the gas with.>.= (Nu(E))- 1
, where N is the density 

of molecules, u(E) the electron cross section in the ga.s, one gets for k: 

rm w 
k = V IB Nhf u(E) (4 - H_,. 

If one assumes that the pollutant does not change the energy distribution of the 
drifting electrons significantly, for a pure Argon gas and 13 \Vater pollution one 
finds using: 

that: 

E = 6e F = 9.6126 * 10-19 J 

03 -1 
w = 4*1 ms 

u(E) = 5 * 10-20 m2 

h(H20) = 2.5 * 10-5 s- 1 

fk = 8.18 • 10-2cm 
n - = 0.11 
no 

I 3 water pollution in pure argon will absorb 113 of the drifting electrons after 1 cm 
drift. 
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4.5. Diffusion 

A distribution of charges in free space without any external fields or forces wHI 
diffuse apart following a gaussia.n law: 

dN 
N 

1 2 
----.,,==exp -( x /4Dt )dx 
./4r. Dt 

( 4 - lt) 

dN / N is the fraction of charge found in an element d:r: at a distance x from the origin 
after a time t, Dis the diffusion coefficient. In other words, if at t = 0 all the charge 
is concentrated at x = O, after a time t the resulting distribution has a u of 

uz = ./2Dt (4 - 18) 

If an electric field is applied to the charge distribution this formula remains true if 
one replaces D with D( E) and if tbc fields are small. The presence of a nonzero 
electric field \\•ill increase the diffusion. u(D(E = 0)) is therefore sometimes called 
the thermal limit and describes the theoretical lower limit to the spread of a localized 
charge distribution with time. The application of an electric field will also split D 
into two components: one parallel, one perpendicular to the field. The perpendicular 
component will be essentialJy equal to D(E = 0), while the parallel one (sometimes 
called longitudinal diffusion) will change with the applied field. Diffusion is one of 
the main processes limiting the intrinsic accuracy of a drift chamber (see Fig. '.l.f ). 

4.6. Avalanche Multiplication 

The number of primary and secondary ions produced by a fast projectile in a 
gas is usually rather small. Typical numbers are of the order or less of 100 ion pairs 
per cm. In order to detect these charges more easily an amplification process within 
the chamber is employed. In very high fields (typically a few to tens of kV /cm) the 
drifting electrons acquire enougb energy in one mean free path to ionize the next gas 
atom /molecule they collide with. This way the number of drifting electrons very 
quickly multiplies and reaches numbers like 104 to 105 for each initial charge. This 
process is called aTalanche multiplication and is employed in virtually every gas filled 
particle detector. 

One distinguishes four sepa.ra.tc regions in the gain- voltage dependance. At very 
low voltages no ~mptifh::ation takes place. This area is utilized in ionization chambe:s. 
At somewk•t hig.her -.oi\ages the number of collected ions is proportional to the 
number of initial.. ions~ . This region is called the proportional one and is used in 
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Figure 14 • Standard deYiation of electron diffusion after one cm of drift in different gases at 
normal conditions. Solid lines are measuremaa.•,. d-5hed ones from theory 

proportional and drift chambers. At very high voltages the number of collected 
ions is independent of the initial number. This region is used in the Geiger- Muller 
counter. In between the proportional and the Geiger region there is a range of limited 
proportionality, which is the operating point e.g. for streamer ch am hers. At very ]ow 
and at very high voltages proper operation is not possible, because the pairs recombine 
(low side) before drifting or because the counter discharges (high end). 

If the- average number of ionizations per unit length (Townsend coefficient) is 
called a·(z), then 

dn = noo:( z )dz 

1
22 

n = noezp( o:(z)dz) 
Zl 

(4 - 19) 

or 
n 1Z2 

~I= ~ = ezp( o:(z)dz) 
71o Zl 

(4 - 20) 

Iii is called the multiplication factor. If one knows the Townsend coefficient, one can 
therefore by using Eq.(4- 20) calculate the expected gain in the chamber. Fig. [15] 
shows a typical collected charge- voltage curve for a gas counter. 
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Figure 15 • Number of collected ions as a function of applied voltage for a proportional counter 

4. 7. The Drift Gas 

In choosing a gas for a drift chamber a number of criteria should be observed. 
The gas or the gas mixture should show sufficient yield of ions for ionizing particles. 
It should have the correct drift velocity for the chosen application and it should allow 
a stable operation at reasonable gain. The later means gains of the order and larger of 
10

4 
for drift chambers, and usually 106 for proportional wire chambers. To minimize 

the attachment of drifting electrons a noble gas as the main component is favoured. 
The straight forward choice here is argon, both from a dE/dz point of view and from 
economical considerations. 

Drift velocities in Argon can be adjusted by choosing the correct admixtures as 
discussed in the section on drift of electrons and ions. However there is another very 
important consideration that governs which components may be used. A pure argon 
fi11ed chamber will not be a stable device. Since Argon is a noble gas and is stable in 
its atomic form, the only effective mechanism for an excited argon atom to return to 
its ground state is by radiating off a photon. Even for the lowest excited state this 

. photon however has an energy of 11.6 eV, more than enough to extract electrons from 
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most metals (Copper e.g. requires 7.7 eV to extract one electron). In the process 
of avalanche multiplication plenty of excited argon atoms will be produced. They 
eventually will haYe to decay by emitting a photon, which in turn with some finite 
probability will get absorbed in the cathode or some other metal part of the chamber, 
possibly freeing an electron. If this happens a positive feedback mechanism is started 
which will very fast lead to the breakdown of the chamber. 

Ion drift purely by Argon ions also presents a problem. The argon ions drift 
towards the cathode and neutralize there. The excess energy of the ion electron 
system will be either radiated off or will be dissipated by extracting an electron from 
the cathode. In both cases new electrons will be produced and the above described 
positive feedback mechanism initiated. 

A solution to this problem is possible by adding small amounts of polyatomic 
molecules to the argon. Due to the complex structure of these molecules they have 
many ways to absorb energy and to dissipate off it without radiating photons. CH. 
e.g. will absorb photons in the energy range between 7.9 and 14.5 eV rather efficiently 
by exciting rotational and vibrational degrees of freedom. If the fraction of this so 
called quencher is high enough nearly all photons which were emitted by argon atoms 
during the process of forming the avalanche will get reabsorbed by the polyatomic 
substance. The positive feedback loop is then broken and the chamber can operat1 
more reliably. ...,,_, 

If the quencher is chosen such that its ionization potential is lower than that 
of argon it will also disrupt the second feedback loop described. Due to the above 
discussed charge t ran sf er mechanism most all ions drifting will transfer their charge 
onto the quencher with the lowest ionization potential. At the cathode quencher 
molecules instead of argon atoms will arrive. Again because of the larger number of 
effective ways to dissipate energy open to the polyatomic substances, the number of 
electrons produced in the process of neutralization will be much smaller, the chamber 
therefore more stable. 

As a general rule the more complicated the structure of the quencher molecule 
the more effective it will do its job. Hydro-carbon compounds are often used for 
quenchers, e.g. C H4, or, for high gain operations, C.H10. Some anorganic substances 
also show quenching abilities, e.g. Ceh,BF3 and others. For simpler molecules like 
CO, some secondary electron emission has been observed, which might result in oc
casional chamber breakdowns. 

There is however a serious problem with the use of Hydro Carbons in a high 
radiation environment. In the process of quenching the molecule might brea.k up 
and produce a very reactive radical, which will, depending on the substance, deposit 
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on the anode or the cathode and possibly polymerize into larger molecules. These 
resulting compounds will form a thin insulating layer on the electrode and seriously 
alter the behu·iour of the system. In particular they might introduce a new path for a 
positive feedback between anode and cathode and induce discharge. The mechanism 
is the folJowing. Since a thin insulating layer is deposited e.g. on the cathode the 
arriving ions no longer can neutralize readily. They wiJJ slowly Jeak thru the layer, 
but at a much reduced rate. If the rate of arrival of charge on the cathode is larger 
than the leakage current a charge will build up on the layer with a resulting electric 
field across it. If the field becomes large enough electrons will be extracted from 
the cathode thru the insulating layer and ejected into the chamber volume. These 
electrons then in turn will drift towards the anode, produce a new spurious avalanche 
and eventually more charge on the cathode. Again a positive feedback mechanism has 
b~n established and the chamber will discharge. This effect is known as the "Malter 
effect" [ 21 ). Once the Malter effect starts the only way to reset the chamber is to 
switch off the High Voltage. However the chamber will be permanently damaged and 
will not be capable of high rate operation. 

The onset of polymerization seems to depend on the radiation the chamber re
ceives and on the concentration of the organic compound. It has been observed that 
e.g. a C H4 concentration on less than 4 3 will not show polymerization [ 22 ]. C sing 
less than 4 3 of any quencher howe\'er will not guarantee a stable operation of the 
chamber. One strategy to avoid polymerization has been followed in the :MARK II 
or s1milar gases. Here two quencher gases are used, CO,, and C H4. Both by itself will 
not guarantee a stable operation -C H4 because of its low concentration, CO,, because 
by itself it does not suppress the secondary electron emission well enough- but to
gether they yield an reasonabl~· stable mixture. Both will absorb the photons emitted 
from the argon atoms rather effectively. together their concentration is high enough 
to yield essentially 1003 absorption. Due to the Jower ionization potential of the 
C H4 however: it will eventually dominate the ion drift thereby solving the problem of 
secondary electron emission at the cathode due to CO,, ions. Since the concentration 
of C H4 is less than 4 ~\ the onset of polymerization is at least substantially delayed. 

Another strategy often follo<A:edis to add some other component which has an even 
lower ionization potential tha.n the quencher- and wh1ch does not show the tendency 
to polymerize. Alcohols are the preferred choice. 

The aboYe dismc;,'Sion shows tha.t the choice of the gas for a chamber will be a 
very important part of the ch.amber design. Often more than one addition to the 
basic gas will be nec.essa't)" It should be noted however that although some basic 
understandint; of the properties of the resulting mixture can be obtained by following 
the reasoning outlined, so far the exact details can not be predicted with sufficient 
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precision but have to be measured. 

4.8. Induced charge on the Anode wire 

The signal of a drift chamber is read out from the anode wire. As the drifting 
electrons approach the anode wire, they induce an opposite charge onto it. For most 
of the drift distance this charge is very minute since the amount of charge drifting is 
very small. Only very close to the wire, after the avalanche multiplication has started, 
a sizable effect will be seen. Eventually the charge cloud arrives on the wire and gets 
neutralized. Now however the wire is surrounded with a cloud of positively charged 
ions, which slowly start to drift away from the anode towards the cathode. They in 
turn will induce a charge of negative sign on the wire, which will slowly saturate as 
the ions drift further and further away. As can be seen from this discussion there are 
three components to the signal detected on the anode: 

- the induced charge due to the drifting electrons. This effect is very small and 
will be neglected in the following. 

the induced charge due to the positive ions as they drift towards the cathode. 
For the total charge this will be the dominant effect. 

For simplicity a cylindrical geometry is assumed in the following. This is a rather 
good approximation for the electric field surrounding the anode wires up to distances ..J 
of the order of the inter wire spacing. During the time it takes the ions to drift this 
distance however a large part of the charge will have been collected and the remaining 
drift will contribute only a small fraction to the total signal. 

Let Rn·, Rr be the wire radius and the radius of the tube, respectively. Re be the 
average (center of mass) position of the ion charge produced in the avalanche. For 
most cases Re ;;:::: Rn· . 

If a charge Q moves a distance dr in the field, a work 

dF ell'= Q-dr 
dr 

has to be performed. This work will be seen on the anode wire as 

From this it follows: 

5H-' = Qo dv. 

dl' 
O- = Oodv 
· dr · 

0 d"\/ 
dv = -· -dr 

Qo dr 

( 4 - 21) 

( 4 - 22) 
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If IC is the total capacitance of the system, '\.~ the applied potential, and, in cylin
drical geometry 

l.'(r) = q In....!__ (4 - 23) 
27rfo &· 

one gets: 
.. 0 1"'(t) dll 

r = -·- --dr 
lCl6 Re dr 

= _--2_ ln 1!J 
2n£ol Re 

(4 - 24) 

where r(t) denotes the radial position of the drifting ion charge. v+ means the 
contribution to the signal due to the drifting positive ions. If one assumes that the 
electrons drift infinitely fast compared to the ions ( 't'drift for the ions is typically 
IOOOvdrift), similar reasoning yields the expression for the contribution to the signal 
due to the electrons: 

(4 - 25) 

In cylindrical geometry it is possible to calculate r( t ): 

dr E 
- =v =µ-
dt JJ 

Rep)aC'ing E with 

(4 - 26) 

and separating variables one gets: 

( 4 - 27) 

Inserting r(t) into the equations for v-,. and v- and adding them up to get the total 
induced voltage one finds: 

..... 
v = v' + t• 

0 1 t 
=-----In (1 + -) 

27rfol 2 f.t, 

(4 - 28) 



• .,I 

I 
ii I 

... 

38 Physics of the Drift Chamber 

2 
TrftJP Jli,, 

f-0 = 
µCVo 

where 

The induced charge then is easily obtained from q, = vC: 

1 lilv t 
Q. = -0 In - In ( 1 + -) 

' 2 .e R:r f-0 

As a special case let t112 be the time it takes to develop half the total signal: 

1/2 1 £v t112 
Q. = -Q ln-In(l + -) •• 2e R:r f-0 

1 = -Qe 
2 

1 
t112 = f-0( ezp( · Rw ) ) 

In -u;;: - 1. 

(4 - 29) 

(4 - 30) 

""" In actual detectors one usually detects the current, not the charge: In the limit 
that the charge sees no resistance in the wire and the following readout electronics: 
I ( t) = dQ I dt: 

1 Rw 1 
J(t) = -O.ln(-)-

2. Rr t+i-0 
( 4 - 31) 

I ( t) is maximal at t = 0 and decays then with a halftime f-0. For realistic systems 
one has to take into account that the current will see a RC network with a certain 
nonzero time constant. In the case of the 00 chamber the preamplifier will dominate 
this network. To arrive at the real chamber signal the response of the amplifier has 
to be folded with the pulse described by Eq.(4- 31). 

4.9. Resolution of a drift chamber 

The spatial resolution achievable with a drift chamber is limited by a number 
of processes. They split up in one group due to gas dependant contributions and 
another due to systematic effects. The main one are 

- diffusion 

- statistics of the primary ions/ electrons 
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. thermalization: the physical widening of the track due to 6 rays 

- systematic effects 

The total uncertainty is given by the square of the sums of the individual contri-
-· butions: 

2 _2' 2 '2 
Ofot41l -O'dif!' T O'ion-1tati1tic1 -:- D'thcrmalization 

(4 - 32) 

The spread in space oft.he drifting electrons due to diffusions after a drift of distance 
xis given by 

~ 

D'z = v~ 

(see the section on diffusion). Experimentally one finds that EK is, at least locally, 
proportional to (E/p)m. Rewriting the expression for <Tz, one finds: 

( E atm cm)~(x atm) 
<Tz =<To - ---

p kl' pcm 
(4 - 33) 

Typical values of m for drift gases are around 1.5. The dominant dependance of u on 
the pressure is then 

1 
O' ...... --= 

.,/P 
(4 - 34) 

a-o is the normalization constant describing the resolution at 1 cm of drift and 1 
atrn pressure at a field of lkV/cm. Some typical numbers for <To are: 

Gas l 

1003 Ar 
100% CH4 
1003 C02 

503 Ar 
903 Ar 
90% Ar 

753 C3Hs 
903 Ar 

Gas 2 

50% C02 
103 C.H10 
10% CH4 
25% C2H4 
9% C02 

Gas 3 

13 CH. 

<To / µm 

1200 
232 
83 
240 
380 
600 
150 
280 

According to this description there are two ways to minimize the diffusion. The first is 
to operate the cham her at high pressure. Eq. [34] shows that this will make u decrease 
as 1/ ,/P· The-other way is Lo use a "cool" instead of a ''hot" gas and try to make <To as 
.small as possible. The jump e.g. from Ar to COz is quite dramatic. Experimentally 
it is found that even small additions of a cool gas to Ar will substantially decrease uo. 
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The actual position accuracy achievable with a given u due to diffusion depends 
on the "'ay in which the signal is collected and how the timing of the pulse is done. 
In the simplest case all the charge is collected and the center of mass of the resulting 
pulse is determined. In that case the spatial resolution <Tdifl' is given by 

u. 
<Tdifl' = ---= vn (4 - 35) 

For the Mark II gas the number of ion pairs at NTP is 93 pairs/cm. Therefore 

<Tdift':::::: 0.10 u. 

is achievable. 

As the initial fast ionizing particle passes through the gas it randomly produces 
ions a.long its track. Each of these primary electrons in turn may have enough energy 
to ionize itself other gas atoms. The initial trail of ions looks therefore like a number 
of charge clusters of finite extension distributed randomly a.long the particle track. 

The distribution of the j-th ion pair along a track with on the average n pairs per 
cm is given by (see Appendix for derivation): 

j-1 
n ) _ Z j -nz 

Aj(x -(j-l)!n e 

For the first detected pair j= 1 and eq.[36] becomes: 

An( ) -nz 
i x = ne 

~ 
(4 - 36) 

( 4 - 37) 

Eq.[37j describes the distribution of primary ion pairs and thereby the distribution 
of the clusters along the track. Moving a given cluster along the trajectory of the 
charged particle will change the field line along which it drifts towards the anode and 
therefore possibly the drift time. The effect is most pronounced close to the wire 
itself. Typically the FWHM of this distribution is about 200µm. This translates 
in a possible timing error of the order or less of lOns, depending on the collection 
geometry a.nd the field shape. An exact determination of the resulting resolution 
error can only be done with a Monte Carlo program. 

Besides the uncertainty of the position of the cluster the extent of the cluster 
is another source of inaccuracy. The electrons produced in the ionization process 
have a finite range in argon. Most of them are rather low energy ones, the majority 
originating from the lowest electronic excitation of the argon atom. However there 
are a few higher energy ones with non negligible ranges, which will broaden up the 

.. ·. 
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Figure 16 • Resolution of a drift chamber as a function of the drift distance. The dotted lines 
show the different contributions to the overall resolution. This plot shows a specific chamber under 
specific conditions, but the overall behaviour is similar for other drift chambers. 

track and result in non gaussian tails to the distributions. Typically the ranges of 
these electrons is rather small and below a few µm for over 903 of them. The 
few high energy ones however will have ranges around 200µ.m. Since the range of 
electrons is proportional to E /p the actual spatial unce-rtainty due to the sigma du,. to 
thermalization is 1/(.y'~p) smaller. Typical values for er,~ are::::: 200µ.m in pure Argon 
and less than 20µm in polyatomic gases like COz. Fig. [16; shows a measurement of 
resolution in a specific drift cham her and the way this measured resolution splits up 
into the individual contributions. No effort has been made to fit the term due to ion 
statistics and clustering separately. For large drift distances the dominant effect is 
the diffusion, while at small x the ion statistics overwhelms everything. The constant 
term is due to the systematic effects like electronics etc. 
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s. The 00 central Drift chamber: Construction 

5.1. Introduction 

Compared to many other High Energy Experiments the inner drift chamber of 
the 00 experiment is a small chamber. It extends for 180 cm along the beam line and 
radially from about 50 to 70 cm. This small size is a result of a compromise between 
ha'\;ng a calorimeter at small radii, having a good central tracking chamber and still 
finding enough room for a transition radiation detector and a vertex chamber inside 
the tracker. The main design goal was to build a chamber in this limited space and 
extract as much information from this as possible. 

The small space available resulted into a number of unusual design features. The 
most prominent one is the use of solid walls. These serve as dividers between neigh
bours layers and as supports for the delay lines. Because of the solid \\·alls the space 
between neighbour layers can be smaller than it could be in conventional wire only 
chambers. Each cell forms a totally independent entity insulated from all the other 
cells. This also contains problems within one cell to this cell. If for example a wire 
breaks this wire at the worst will only shut down this one cell, and the neighbour 
cells will be unaffected. ,.,,,,,, 

The small space also advocated the use of delay lines over other methods of de
termining z. Without using extra space they provide two z-coordinate measurements 
per cell. The solid walls provide a support for them. 

The main design goals were to construct a chamber with good spatial resolution 
in both r~ and z, good dE/dx resolution and excellent double track reconstruction. 
The design eventually adopted can be characterized as follows: 

· The detector consists of four layers of drift cells in r. Each layer is subdivided 
into.-32 cells. Adjacent layers are staggered by half a cell to resolve left right 
ambiguities. Drift of the electrons is perpendicular to the beam axis tangentially 
to 4>. The two outer sense wires in each cell drive a delay line which provides the 
z-information . 

. Only the sense- and potential wires are actual wires, all other electrodes are 
made by printing conductive lines on plastic film, thereby physically separating 
neighbour cells and layers. 

The whole assembly is held by an aluminium drum with Al end plates. This drum 
supports all the wire tensions. The two inner detectors. the TRD and the Vertex 
chamber, are hung from the CDC endplate. 

42 
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5.2. The Mechanics of the CDC 

5.2.1. Overview 

Logically the inner drift chamber separates into 4 layers which surround the beam 
pipe. Each layer consists of 32 individual drift cells, each of which is a small self con
tained drift chamber with 7 anode wires. Each layer is rotated with respect to its 
neighbours by half a cell width. The result is a rather complicated looking arrange
ment of cells as shown in Fig. [17] . 

Mechanically the complete circle has been broken up into 32 individual modules. 
Each moduJe covers 11.25 ° in~' and extends from the inner to the outer radius. Due 
to the staggering cells are shared between neighbour modules. Each cell is contained 
to 753 in one module and to 25 3 in the next one. 

Each module forms a self contained unit, that is able to support the tension of 
all wires strung in that module. However in the final configuration the modules are 
mounted in an Aluminum support tube, which positions the modules precisely and 
takes the load from the wires. 

This outer support tube consists of an Al- tube made from rolled 3/8 inch thick 
Aluminum, two end plates which engage the modules, and an inner tube, made from 
a light composite materiaL which closes the gas volume and provides additional me
chanical stiffness to the assembly. 

rhe anode wires of each cell are held by plastic end plugs, which sit on the surface 
of the modules and are engaged by precision machined holes in the Al-end plates. The 
wire terminations are accessible from the outside without interfering "'ith the gas seal. 
The delay lines are brought to the outside of the chamber using these end plugs as 
weJl. 

Amplifiers and cable connections are made on the Al- endplate. A 3/4inch thick 
space is available~ making miniaturized cables and amplifiers necessary. 

5.3. The Module 

The Module is the basic building block of the central drift chamber. Essentially 
all important parts of th.e cells are contained within one module. The modules are 
made from composite materials with special attention to lightness and stiffness while 
stilJ being strong enough to support the full tension of the wires and maintaining the 
mechanical accuracy required. Four sets of sense- and potential wires are housed in 
each module. Delrin end plugs are mounted on the module end plates and position 
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Figure 17 . Crossectional view of the CDC. Inside the chamber a 5-sector section of modules is 
shown. The large oval holes are for the end plugs, the smaller ones are gas inlets and mounting holes. 
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Figure 18 • Crossectional view of tht- five different. shelves. One shelf has been enlarged t.o show 
the different materials used in the construction. 

the wires t.hrough crimp pins. During the assembly period the modules form a self 
supporting independent system. Once they are inserted into the Al- shell the tension 
of the wires is transferred onto the Al-drum by pulling each end plug away from the 
modules with the help of two "bridges". 

5.3.1. Shelves 

Each module is built using five so called shelves, 4 septa strips and two end plates. 
The shelves are the dividers between layers and provide a surface for the fieldshaping 
strips and support the delay lines. Fig. \18\ shows a cross sectional view of all five 
shelves. The innermost surface of shelf 1 and the outermost one of shelve 5 form a 
multifaced polygon to fit more tightly against the inner and outer shell, respectively. 

Each she1f is made from a. Robacell core with a KeYlar-Epoxy skin on the top 
and bottom. Rohacell is a closed cell Polymethacrylimide rigid foam, which can be 
easily machined to good precision and which glues very well with epoxy. A plank of 
Rohacell is machined to the correct shape and dimensions using a special planer-like 
cutting machine. Two grooves are cut into the Rohacell plank to accommodate a 
teflon tube used for the delay lines. As can be seen in Fig. [18] delay lines are found 
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Kevlar 49 Du Pont Dacron E-HTS Stainless 
Aramid Nylon Polyester Glass Steel 

Tensile Strength· 2758 986 1120 1724 

(MPa) 
3620 2413 

Modulus 124110 5516 12790 68950 199955 
(MPa) 
Elongation to 2.5 18.3 14.5 3.5 2.0 
Break (%) 
Densitv 1.44 1.14 1.38 2.55 7.86 

j 
(g/cm ) 

• Unimpregnated twisted yarn Data from: DuPont trchnical bulletin KEVLAR, pagr K-5 

•• Impregnated strands 

Table 1 
Properties of commonly used fibers and steels 

at the thinnest and at the thickest point of each shelf. At the thickest point a simple 
groove it cut, at the thinnest however space for an additional Noryl "U" channel is 
provided. The Teflon tube is laid in the "F' channel which is glued to the Rohacell. 
This lends additional mechanical support and in particular helps in insulating the 
thin part of the shelf against HV breakthrough. 

The top and the bottom of each shelf is laminated with an epoxy saturated Kevlar 
cloth. Kevlar * is an aramid fiber de\"eloped by DuPont. It has a high tensile strength 
(2758 i\Ipa) and a high modulus (124 110 i\1Pa) at only about one fifth of the weight 
of steel. Table 1 shows a comparison between different commonly used fibers, Kevlar 
and Steel. 

The cloth is woven with seven times as many fibers in the longitudinal direction 
as in the transverse. This configuration shows superior stiffness against bending as 
illustrated in Table 2. 

The whole shelf is wrapped with a sheet of Kapton foil for electrical insulation 
and to provide a good surface for the field shaping strips. The Kapton is doubled on 
the top and the bottom to minimize the chance that a pinhole will penetrate the skin 
of the shelf and cause High Voltage problems. 

Each of these sandwiches is individually laid up by hand in a mold. A piece of 
Kapton cut to the correct dimensions is laid into the bottom part of the mold. A 
strip of Kevlar is laid up onto this followed by the two pieces of Rohacell, the Noryl 

* Kevlar is a trademark of the DuPont Co. USA 
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Mateti&I i: thickness Deflection/mil Relative performance 
t· of .1km ,I /1/1000') 24.7g 67.Sgl) 

GlO ia ; 9.5 27 22.5 1.4 
Kevlar .j. 13 35 16 1 
Ke-Ylar 11° 0 4.5 13 48 2.9 

Rohacell o··· 2H 585 1 0.06 

1) Meuurements were done with the two listed weights applied to the center o{ a 45" long, 2.5" 
wide plank supported at the ends. 

• Kevlar cloth 'll'ith equal number of st.rands in transverse and in longitudinal direction. 
•• Kevlar cloth with 7 longitudinal fibers for every transverse fiber. Individual fiber size is equal 

for both samples. 
••• Rohacrll shelf is 30" long and 6.5" "·ide. It is listed here just for qualitative comparison. 

Table 2 
Measured deflections of different laminates 

~u" channel and the Teflon tubes for the delay lines. Next the ends are molded by 
filling recesses \\;th a premixed Epoxy-Silicon Powder compound (Shell 828 Epoxy 
with 403 V 40 Hardener, thickened with Cabosil Silicon powder). A slot is molded in 
tlte ends which is used to key to shelf into the endplate during the assembly. After 
carefully checking for alignment and remo,·ing as many air pockets as possible the 
top piece of Kevlar is laid down into Epoxy and the Kapton folded over. Air bubbles 
are removed and the mold is closed. This procedure is repeated five times with five 
different molds for the five shelves. After closing the shelves are allowed to cure for 18 
hours. They are then removed and the molds are prepared for the next batch. Since 
the epoxy used (Shell 815 epoxy with teta Hardener at a ratio of 10:1) needs i days to 
reach its ultimate strength, they are stored for at least one week on a fiat surface to 
avoid distortions during the final curing process. Using a mold to do the final forming 
of the shelves guarantees closer mechanical tolerances of the final product and better 
reproducibility, although it complicates the production process somewhat and needs 
a rather expensive tooling. 

5.3.2. Septa: Cathode sandwiches 

The cathodes in \he uwdtlie are made from a thin laminate principally quite 
similar to the shelf. The Kt".,·fa.r however has been replaced with a thinner fiberglas 
cloth. These L1mi11ates are made from a 1 mm thick Rohacell core, fiberglas and a 
strip of Ka.plon on both sides. They are produced in a big sheet using a vacuum bag 
as a press-·and .. mold" and then cut down to size. The fiberglas is laid down with the 

-- - - fibers running at 45° to the long side to improve the stiffness against bending (see 
,,.......,. 

-.ot-"'. 
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Figure 19 • A Septa strip: Layout of the fiberglas and cross sectional view 

Fig. [19; ). 

5.3.3. End plates 

,,,,.- l[apton 

Flbertlan 

The end plates have two purposes: they provide mechanical stiffness to the mod
ule, preventing shelves from "rotating" about the septa and the structure from col
lapsing, and they provide a support plane for the end plugs. They are strong enough 
so that the ·end plugs can rest on them with the whole wire tension applied. In 
the final ·assembly the plugs engage into the end plate and at the same time into the 
Al-endplate thereby positioning the module. 

They are made from 0.25" thick GIO. Four rectangular holes take the wire end 
plugs. On one side additional holes are foreseen for HV-feedthroughs for both cathode 
and central strip. 

5.3.4. Assembly of a Module 

Five shelves, 4 septa strips and two end plates get assembled into one module. 
The assembly is done using a special jig. which positions the shelves, septa and end 
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Figure 20 • S shelves being assembled in the assembly jig 
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plates. A cross sectional view of a module in this jig is shown in Fig. [20! . The 
critical measurement of the module is the height of each ]ayer at the position of the 
sense wires. The jig pro,·ides precision ma.chined cylinders which keep the shelves at 
the correct distance. Inflatable tubes press the shelves against the metal tubes and 
clamp them iD the correct position. 

After the shelves have been laid into the jig, the end plates are glued to the 
shelves and the septa connected to the shelf surface by a bead of Epoxy. Once cured 
the module is removed and a second bead of epoxy is applied to each septa. 

Fig. [21; shows a compleic module. Part of the endplate on the HV-side has 
been cut away to allow a better view of the inside. The staggered cathodes are clearly 
.-isible as are the ends of the tubes for the delay lines on two shelves. 

.. 
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Figure 21 • Cutaway view of a module. 

5.4. The End plug 

Fig. [22J shows a drawing of the two end plugs used in the chamber. The end 
plugs are responsible for positioning the wire crimp pins, to key the module into the 
Al-endplate of the drum, to seal the gas volume inside the chamber, to bring out the 
delay lines and to feed the HV for the central strip into the chamber. The upper 
part of.the plug is equipped with an "0"-ring and seals against a precision machined 
surface in the AJ-endplate. The ho]e is machined to nominal 1/1000" dearance all 
the way around positioning the end plug to ±1/1000". The lower part of the end 
plug fits into a bole in the GlO-endplate and keys the module to the AJ-endplate. The 
plugs which are being used on the HV side of the chamber have longer "ears", which 
extend about 0.5" inside the active chamber volume dose to the shelve surface. This 
protects the resistive divider strip, which is glued to the shelf surface, from discharge 
originating from the closest sense wires. The crimp pins to hold the different wires 
are press fit into holes in the end plug. The pins for the potential wires sit flush on 
the outer plug surface, while the sense wire pins are recessed by 0.2". This provides 
a longer discharge path between sense wire and potential wire pins, and allows the 
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Figure 22. a} end p)ug used on the HV side. The long ears are to protect the resistive dividers 
on the shelf against discharges from the wires. b) end plug used on the signal side of the chamber 

use of an insulating connector to the sense wire pin to further safe guard against HV 
breakthrou~h ( Fig. :23] ). 

Two holes are provided in the plugs for the delay line tubes. They arc scaled 
with a gland "0" -ring seal and a special washer to keep the "0~ -ring in place after 
insertion. The "0"-ring is a made from Viton V 884 compound with a hardness of 
75 durometer : 23 ~- On the HV side, t.hc High Voltage for the central strip is fed 
in four locations to the module. Two each are located on top and on the bottom of 
each cell. A spring loaded probe is pressed into thcs~ holes and makes contact with 
a gold plated surface on the module. For redundancy two probes arc always paired 
and serve the same potential. 

Four threaded rods extend from the outer surface of the plug. These will be used 
by bridges after the iinal a.ssaubly of the chamber to pull the end plug away from the 
module and transfr":" tfLe wire tensions onto the Al-drum. The bridges have openings 
for the delay line tubcos And for the HV- connections to the central strip (Fig. [24] ). 

5.4.1. HV-plug and Pulling Screw 
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Figure 23 • Sidevie.- of an end plug showing the c:rimp pins installed. The vie\\" sho\\'s the plu~ .J 

resting against the GlO endplate before being pulled. -

On the HV side two other plugs connect to the module, the main HV feed through 
and a so called pulling screw. The later is simply a piece of Noryl with a threaded hole 
into which a screw from the outside engages. This pulls the module to a predefined 
position ";th respect to the Al-plate a.nd keeps it from sliding back and forth. 

The HV feedthrough is similar to the central strip connections, but self contained. 
A round piece of noryl fits into a hole in the Al-endplate, sealed with a.n "0"-ring, 
and extends into a matching hole of the GlO plate. A spring loaded probe mounted 
inside the noryl piece contacts a gold plated metal disk glued to the septa of the 
module and provides the contact for the main cathode high voltage. 

5.5. Mechanical support system: The outer shell 

The drum into which the modules are mounted is fabricated mostly from Alu
minum with only the inner cylinder made from a lightweight composite. The outer 
cylinder is rolled from 3/8"' thick Al, with 0.5" rings welded to the ends of it. Only 
the end rings are machined. The 0.5"' thick end plates engage to the drum with a 
little lip and are bolted to it. A "0" -ring is captured in a groove in the end plate 
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Figure 24 • View of a plug installed in its final position in the chamber. The _plug has been pulled 
away from the GlO endplate and is now supported entirely by the bridges, which rest against the 
.Al-endplate. The probes for the central strip HV are halfway extended to provide contact with the 
GI 0 end plate. 

and seals the plate against the outer drum. On the inner radius a composite cylin
der closes the \'olumc. It is made from two thin Carbon Fiber skins with a sheet 
of Rohaccll laminated in between. Again two metal rings arc glued to the ends and 

__ provide a surface for the "0"-ring to seal against and material for bolts to be screwed 
into. Fig. '.2Sj sholl·s an assembly drawing o{ the whole system. Shown arc also two 
extension cylinders '·hich arc attached to both ends of the central tracking shell and 
arc used by the forward drift chambers. 

The complete system is mounted inside the cyrostat on 4 feet attached to the 
ends of the extension cylinders. The other two inner chamber systems, the TRD and 
the Vertex chamber, arc hung from spokes attached to t.he inner radius of the CDC 
end plate. . 
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Figure 25 • CDC outer shell 

5.8. The HV distribution in the Chamber 

5.8.1._ The field shaping cage 

ndplate 

D 
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As mentioned earlier only the sense and potential wires are actually wires, all 
other electrodes are resistive lines printed on the shelf surfaces. Fig. [26] shows 

·schematically the position and numbers of strips in one cell. A number of problems 
have to--be addressed in the design of these strips. Since they cover a large part of the 
chamber, the amount of material introduced into the chamber by the strips should 
be kept as small as possible. Copper as the material is not favored because of too 
high density. Resistive plastics/Epoxies offer a better alternative with considerably 
less material involved. 

Since the delay lines are mounted inside the shelves lines have to be printed on 
the surfaces in the immediate facinity of the delay lines. This has to be done in a way 
that does not interfere with the induction of a pulse onto the delay line. Electrostatic 
calculations indicate that a strip in the center of the chamber a\ the position of the 
delay line produces a favorable field configuration. However, since this line would be --
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·Figure 26 • Crouection of one cell showing the positions of the field shaping strips 

positioned right on top of the delay line~ it has to be investigated how this affects 
the signal seen by the line and ho"· the signal propagation properties on the line are 
affected. 

The only parameter which can be controlled is the resistivity of the field shaping 
strips. Too low a resistivity would attenuate the induced signal from the sense wires 
considerably and __ slow the rise time of the signal do,t"n. Two different sources o! these 
effects have to be distinguished: The infiuence of the strip on the induction process, 
and the interaction between strip and signal after the induction when the signal starts 
pr~pagating on the line. 

The second question is addressed in table 1. A resistive line was printed onto 
a shelf on top of a delay line, but extending only for half the length of the line. A 
signal was then induced in the line with an antenna in a part of the line which was 
not covered by the strip. The rise time and attenuation of the signal after passing · 
through the section of the line with the strip on top were measured. 

The table shows that the intrinsic rise time o! the delay line in the shelve is around 
44ns (measured from 10 to 90 % of the signal). For line resistances around lkn/c the 
rise times with and without strip are very similar. The slowing down of the signal 
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Input R - 2200/C R - 8030/c 
I 

no strip 

TTin• T.,:lu A/mV T,/n• A/mV TTin• A/mV 

1 62 39 31 65 37 60 

15 Si 36 32 61 39 57 

30 63 33 38 51 45 50 
40 60 31. 44 44 46 44 

·Table 1 
Rise times and Amplitudes of pulses propagating on delay lines with strips of different 1esistances 
close by, as a function of the rise time of the input pulse. 

due to propagation of the signal in the environment of the resistive strip is negligible 
for lines u;th an resistance of more than lk!1/c. This e:ffect is important because the 
delay line is surrounded by strips of different resistivity: the strip immediately on top 
of the line. but also the strips printed on the septa on the other side of the shelve. 
The second effect is particularly important for those lines mounted at the thinnest 
part of the sheh•e. 

However if one also takes the induction process into account considerably higher 
resistances are needed in order not to de-grade the rise time appreciably. Due to 
technical difficulties no reliable data exist for the resisfr1rity range from a few kn/c 
to :::: 20kf2/o. The following table gives an indication of the change in rise time as 
more and more lines are added in the field cage: ...J 

R/kf!/o no strio I 56 -+-78 : +78 ! 22 
TR/n.s 32 I 41 43 I 45 i 

49 I I 

These measurements were done inducing the signal through the I. line with 
~6kfl/O. The- rise times quoted are measured for the- fast part of the pulse by fitting 
a straight line to this part and taking the interse-ct of the baseline and of the 100% 
line as the timing points. Another important question is how the rise time changes 
with tht- distance of tht- strips to the delay line. Although the strip closest to the line 
is at a fixed distance, the previous table shows that a.dding lines has a non negligible 
effect on the rise time. In particular the septa will put some lines rather close to the 
delay line. The septa lines should ideally be of a low resistance, because the:r have to 
carry tht- cathode current. 

The values eventually adopted in the chamber are 22kn/c for the inner lines on 
the septum a.nd 80k!1/C for the two edge line on each septum. For a Cathode current 
due to positive ions of lOOnA this translates into a maximal voltage drop across the 
cathode of 15V or Sl" respectively (assuming I.80m long shelf and Imm wide field 
shaping strip). To reduce the drop for the outer two lines they are connected in five 
points along the septum to the first of the low resistance- strips. This lowers the actual 

I 
I 
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Tollage drop on the outer strip in the worst case to the drop on the low resistance line 
plus one tenth of the possible drop of the high resistance line. In reality the potential 
drop will be normally lower than discussed, because the ions will be spread out along 
the strip and not the whole chamber current will arrive on one strip. Voltage drops 
below SV along the cathode are about 1J3 of the drift field and probably acceptable. 

S.6.2. The Module: an electrical description 

Two main groups of potentials have to be brought to each module and distributed: 
The sense wire/ potential wire voltages, and the vo1tages supplying the complete 

·field cage. The former ones represent no big problem, since all the wires are easily 
accessible from the outside through the crimp pins. The later however is a fairly 
complicated problem, because the field cage consists of some 130 odd resistive lines 
printed on the different shelf surfaces, each of which has to be supplied with the 
correct potential. Only two voltages are applied externally: the cathode voltage and 
the central strip voltage. The central strip is the field shaping strip which is located 
.directly on top of the delay line, and which is the endpoint of the field cage. The 
cathode voltage is applied to the top of each septum through the above described 
feed through connector. From there it is graded down by a resistive divider to the 
correct central strip potential. For this a surface mount resistive dh·ider is glued 
to the end of each shelve. Two resistors in parallel connect each neighbouring field 
shaping lines. They are connected to the line with a carbon loaded conductive epoxy. 

· Since each cell is shared between two neighbour modules connections have to be made 
from one module to the next at each shelf surface. This is done with little jumper 
wires, that plug into receptables mounted on the inside of the GIO endplate. Fig. [2i: 

illustrates the different connections. At the central strip. a thin wire is soldered to 
the divider and guided along a groove in the opening for the plug to the outside of 
the GIO endplate. and connects to a gold plated metal disk which is glued into a 
recess of the plate. The spring loaded probes from the end plug "land" onto this disk 
and make the connection to the outside of the chamber. 

The sense \\."ires have to be connected twice: on one side the high voltage is 
connected to the, on the othf'!t' side the signal are coupled through a capacitor to the 
preamp. The high voltage connections are made with a molded plug, with fits on all 
seven sense wires at once and connects them to the two different potentials. Resistors 
are molded into the HV-coMectar to protect the wires during possible discharges. 

On the other side each •·ire is indi\·idually connected to a capacitor, which in 
turn feeds the sense ,.·)re signal into a preamp. On both sides the connection to the 
crimp pin is done with little square tubes. which slide oYer the thick part of the pin. 
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Figure 27 • Schematics of the electrical connections wi1.hin a module and between neighbo~ur ·· 
moi:iules 

They are insulated with a teflon tube, which reaches to the bottom of the recessed 
hole in the plug. 

The potential wires are all grounded. Before they are inserted into the end plug 
a printed circuit board is put on the plug. The pins rest with their shoulders on this 
board and make electrical contact. On the side where the signals are read out all 
the pins are connected together to form a good ground return for the signal, and are 
connected to a ground on the amplifier board. On the other side the traces are no~ 
interc~nnected, but they allow for easy access to the pins for testing and debugging 
of the ch am her. 

5. 7. '\'\riring of the modules 

2688 wires need to be strung in the Central Drift Chamber. Although small at 
the standard of many large drift chambers this is still a large enough number that a 
dedicated system to string the wires and to check them afterwards was developed and 
built. Due to the modular design of the chamber the wiring can be done one module 
at the time. This has the advantage that the wiring system can be considerably 

f -·· ··-- --------
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-- · -- -- -~- - simpler than if it would have to handle the full chamber at one time, and that the 
wires are easily accessible daring the stringing process. 

The system adopted is very closely modelled after one developed by Richardo De 
Salvo et. al. for the wiring of the CLEO upgrade central drift chamber ([ 24 ] ) The 

. -·-·---- - basic idea of this system is to put the chamber vertical and to drop the wires through 
the chamber rather than to pull them along horizontally a.s in more conventional 
approaches. 

At least two people are needed to string a wire in this scheme. One operates from 
the top of the chamber. the other from below the setup. The wire is kept on a spool 
which is driven by an electric motor suspended above the chamber. A metallic needle 

·is connected to the wire and is threaded into the chamber. As the motor unwinds the 
wire the needle drops through the chamber. At the bottom a little permanent magnet 
is put through the feedthrough hole into the chamber. The needle is being attracted 
to the magnet and~ if everything goes well, connects to it. An electrical circuit is 
closed by this contact and the motor stops abruptly. The needle and the magnet 
together are than fed through the bottom feedthrough by manually manipulating the 
·motor. 

Once the "-ire is fed through the chamber an additional foot or so is unwound 
from the spool to make sure that any part of the wire which might have been handled 
during the wiring process is not inside the chamber. The crimp pins are threaded 
onto ihe wire at the top and the bottom. pressed into their respective holes in the 
end plug!: and the top pin is crimped. A weight is attached to the wire at the bottom 
and the seocond pin is crimped. Each wire is visually inspected for kinks or other 
irregularities before the next wire is started. After a module is completely wired all 
pins are recrimped at the ends with a "supercrimp ''. This is been done using a special 
rrimp tool in order to clamp down on the end of the wire and avoid slippage. 

Although in theory two people are able to operated the system, in pra.ctice three 
persons were usually involved. One person would work on the top of the chamber, 
one person sit belo"·, and the thlrd person would control the dropping down of the 
wire and inspect it after each. operation. 

lJ sing this system ~nd after some training it took about 60 seconds to completely 
string one wire, or rough.l:i-• 2 oours for one complete module. 

Fig. [28] shows a simplified drawing of the wiring stand. The oval objects at 
the side of the module are Helmholtz coils which were used to measure the tension of 
the wires after the stringing. 

After the wiring was done, the wires were subjected to a period of over tension. 
The top piate of the wiring stand wa.s moved away from the module to increase the 
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Figure 28 • Schematics of the wiring system 
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tension by about 103 for a couple of minutes. This was done to find any crimp pins 
who did not properly clamp on to the wire, and which later might start slipping. 

After the over tension was relieved, the tension on the ";res was measured. For 
this an PC based system was constructed (see [ 25 J for a detailed description). A 
magnetic- field is applied perpendicular to the \\;res and a current pulse is injected. 
The \\;re is deflected due to the resulting force and, after the pulse switches of, will 
vibrate at its natural frequency - --

(5 - 1) 

where m is the mass of the wire, I the free length and T the Tension in the wire. 
Since the magnetic field is still switched on a current is induced in the wire with the 
frequency of the vibration. This current i1 digitized using a CAMAC based A to D 
converter, and read out by an IBM PC. A fa&t {ourier transform is performed on the 
trace and the peak is found. The position of the peak in the fourier spectrum is the 
eigen frequency of the pulsed wire and is, according to Eq.(5- 1), directly related to 
the tension of the wire. Fig. [29] shows the measured distributions for wire tensions 
in sense wires and in potential wires respectively. These measurements were made 3 
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Figure 29 • Distribution of the measured wire tensions in t.he sense and pot.ent.ial wires. The 
nominal sense "A-ire tension is 80 g, the nominal potential wire t.ension 600 g 

months after the actual wiring of the chamber, after all modules had been installed 
in the CDC shell for a number of weeks. No slipped wire was found. The slightly 
asymmetrical shape of the distributions~ in particular the potential wire one, indicates 
that some very limitef· slippage might have occurred immediately after the crimping, 
possibly in the period between the normal crimping and the super crimping. However 
the amount of sl}ppage is very small around 73. During the wiring any wire who 
deviated from the nominal tension by more than 53 was replaced. On the average 

' this had to be done to about 1 wire per module. Once the modules passed the tension 
test the end plugs were released onto the GIO end plates and the module was removed 
from the wiring stand. They were stored in this state of reduced wire tension to avoid 
damage to the plastic shelves. 

5.8. Assembly of th~ chamber 

Oner aJl the moauies a.re assembled, wired and tested, they are ready to be 
inserted in\.O the outer shell. For this, the endplate on the side of the prearnps is 
mountc-.i. -The chamber is turned vertical. with the endplate at the bottom, and 



:1 

.. I . 

62 The 00 central Drift chamber: Construction 

the inner cylinder inserted and bolted to the endplate. Now the modules are inserted 
from the top one after the other a.nd engaged into the lower end plate. However at this 
point they are not yet fully pushed into the holes, but rest lightly on the "0"-ring. As 
modules are being added the connections to neighbour modules are made. Once the 
ring of modules is closed the top endplate is carefully lowered onto the chamber. It 
will first engage with the standoff bolts from the drum, which positions the endplate 
with respect to the chamber. Then the 4 screws on each end plug will engage and 
key in each module to the endplate. They are now sitting completely to one side in 
the drum, with the "O" rings on all plugs not seated properly. Next each module is 
pushed up from the bottom until the modules is 0.2" away from the top endplate. 
This pushing is done in two steps, first about half the distance, then completely, so 
as to not stress the inter module connections more than necessary. At this point all 
"0"-rings are engaged in their respective holes and the top plate is bolted down. The 
pulling screws are inserted and the modules are fixed in this position. 

The final step in the assembly of the chamber is the pulling out of the end plugs 
to their final position flush with the Al- endplate. Once this is done the whole wire 
tension is supported by the Al- drum, while the module only has to support its 
own weight. At this point the chamber is ready for mounting the electronics and 
connecting the HV systems . 

--..._ -- --



6. The 00 central drift chamber: Delay lines 

-- -

6.1. Introduction 

A drift chamber u t!te 00 chamMY easily measure!i the -r+ coordinates of a track, 
but not the z-coordfoate along the sense wire. DHferent methods for doing thjs exist. 
One method. used for e.xample in the MARK II upgrade chamber [ 26 J is to use 
stereo layers for z-measurement. A set of sense wires is strung at an angle to the 
direction of the beam and allows together with the "normal" wires the reconstruction 
·of the z-position of the track. Rather common is the use of charge division for 
the third coordinate. By reading out the signal on both sides of the sense wire, 
and by recording the pulse area. in addition to the timing the z-coordfoate can be 
calculated as esRntially the ratio of the pulse heights. This method works best if 
resistive v.·ires are used for the anode. The method chosen for the 00 central and 
forward/backward drift chambers is the readout of the third coordinate with delay 
lines. Here a long thin coil is run parallel to the sense wire and picks up the signal 
from the aYalanche. The induced signal will start to propagate towards both sides 
on the delay line. By measuring the time on both sides the z-coordinate can be 
calculated. Delay lines offer some advantages over charge dh·ision, mostly in that 
they offer intrinsically a better z-resolution and pattern recognition power, howeYer 
they introduce considerable material in the detector, need space next to the sense 
wires and complicate the construction of the chamber. Few experiment besides 00 so 
far has used delay lines for third coordinate readout in a drift chamber on a large scale 
[ 27 j, but other groups have done tests of such systems: ; 28 : . The use of delay lines 
for third coordinate readout should not be confused with its use as a multiplexing 
de\·ice in proportional chambers (see e.g. r 29 ]). 

In the foHO\nng chapter the basics of the operation of delay lines and their ad
vantages, theiT disad.,,-antages and the implementation in the case of the 00 chamber 
will be discussed. 

6.2. Principles of Operation of Delay Lines 

The delay lines used for posit.ion readout are essentially long and thin coils. They 
consist of a wound conductor, usually thin copper wire, and a ground return. The 
ground may be either on the outside of the line (this is e.g. the case for the lines 
of the CCO R grouµ described in Ref. [ 1]) or in the inside of the line. This system 
forms electrically a transmission line with some distributed inductance, capacitance 
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a) general circuit b) realistic circuit representation 
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Figure 30 • Network representations for a delay line: a)general circuit b) realistic circuit. 
L=lnductance, C:Capacitance winding-core, R=ohmic resistance of the wire, C

0
= Capacitance ,...,,, 

between neighbour windings 

and resistance. A pulse induced on the line will travel down the line with a fixed 
velocity which is typically much slower than the speed of light. 

Fig. [30) shows a generalized network with two complex resistances, one in 
series, the other in paralld. Zi. is called the Impedance, 1/ Zz the admittance of the 
system. The.. diagram represents a.n infinitesimal length dz of the line. Applying the 
laws oi ·Kirchhoff yields the following equations: 

where 

dl/ - = -Zi.(iw)I 
dz 

~ = -Y(iw)U(z) 

l"- l - Zz 

(6 - 1) 

Taking the derivative with respect to x of both equations and replacing the single 
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x-derivatives one finds: 
2 ::r; = Z(iw)Y(iw)l(:z:) 

~:~. = Z(iw)Y(iw)U(:z:} 

-
The general solution to this differential equation is: 

rr( · ) _ 4 7(i:.l)z B --y(iw)z 
v :z:, iw - ., e + e 

where 

;(iw) = VZ(iw)Y(iw) 

The current is connected to the voltage by: 

I( 
. ) _ U(:z:,iw) 

:z:, iw - Z, 

Z, = I Z(iw) 
~ Y(iw) 

65 

(6 - 2) 

(6 - 3) 

(6 - 4) 

(6 - 5) 

Fig. [Jo:shows a realistic replacement circuit for a delay line. A piece of length dx 
of the line v.-ill have a certain characteristic impedance and ohmic resistance and a 
certain capacitance to ground. In addition this piece dx \\;ll capacitively couple to the 
next section dz' through the capacitance Co. Since dielectric media are not perfect, 
there will be some losses to ground, described by the shunt conducth·ity G. 

Using the generalized expressions for Z and ..,. derived abo,·e one finds: 

R 
Z( . ) . L ( 1 + ;r ) 

iw = Z'6: 

l - w 2a,L (1 + ;t-L) 
R 

;(iw) = il.J,/LC( G (1 + ;r) R )1/2 
(1 + ~)(l - w2Col (1 + i'Wr) 

(6 - 6) 

For th~ case ?£ JiwL[ > R and [iwC[ > G (low loss approximation) one finds after 

---
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some algebra: 

7 =a+ iwT 
1 R G 

a= v'LC (- + -) 
2 (1 ·- w2CoL) 112 L C 

T = v' LC L ( 1 .J.. _1_ ( R _ G )2) 
2 (1 - w2CoL )112 . Bw2 L C (6 - 7) 

1 1 R G 2 
Re Z - 1 .J.. - - + -

- C 2 (1 - w2CoL) 112 ( Bw2 ( L C) ) 

fL '1 1 G R 
Im z =Ve 2(1-w2CoL)112 iw (c - L) 

As long as w2CoL is small compared to 1 both the total delay time T and the real part 
of the impedance do not depend explicitly strongly on the frequency. Only indirectly 
via a possible frequency dependance of Lor C \\-ill eit~er one change. For w2CoL ~ 1 
no wave propagation is possible any more. An interesting special case is Rf L = G /C. 
In this case T = v' LC /2 ( 1 - w 2CoL )112 and the phase shift is proportional to w. A 
transmission line with these properties is called a Heavyside cable. 

6.3. Measuring z with Delay Lines 

As pointed out in the introduction a delay line operates on a pulse induced from 
the sense wire. As the charge is accumulated on the sense wire a charge of opposite 
sign is induced on the delay line and starts traveling toward the end of the line. The 
signal is read out at both ends and timed with respect to the time of arrival of the 
electron~ on the sense wire. In principle this method can also be used directly on 
the sens~ wire signal, but since the velocity v of the delay line is small compared to 
the velo.city of propagation on a sense wire it is possible to measure the position of 
the pulse along the line more accurately that it can be done for a sense wire. The 
difference of those two times is proportional to the z-position along the line: 

(6 - 8) 

where ti, t. and /4 denote the time for the signal to reach the left side of the delay 
line, the right side of the delay line and the drift time of the electrons, respectively. 
The sum of the left and the right time ought to be constant and equal to the total 
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T='-'+lr 

=ti+ t2 - 2ta 

= const 
(6 - 9) 

The z position measured in a system where z=O in the middle of the line is then given 

by: 

(6 - 10) 

For the z-position the dependance on the drift time cancels. An important question 
is bow one knows which left and which right times belong to the same pulse. This 
is ob";oos if there is only one track in the chamber and therefore only one signal on 
the delay line. If however more than one avalanche arrives during a period of the 
order of the total delay time of the delay line, some confusion can arise. Eq.(6-
9) allows in many cases to disentangle the different contributions. By requiring that 
after correcting for drift times left and right times add up to the total delay time 
of the line- all but those signals which overlap in drift or overlap on the line can 
be resolved. Fig. :31] illustrates the different possibilities. Shown is an area in 

- the chamber, with d the direction of drift and z the coordinate along the delay line. 
(0,0) in this plot is the actual position of a track in the chamber. A second track 
may lie anywhere in the ~d ~= space limited only by the physical dimensions of the 
chamber. If the track lies outside of either strips, both signals on both sides of the 
delay line can be resoh·ed. An unambiguous determination of z is possible. If the 
track falls within one of the strips, but outside of the central diamond, the signals 
can be differentiated on one side of the line, but not on the other. In this cMe the 
reconstruction of the two tracks is still possible. but at the cost of a somewhat larger 
calculation and .. error. If the second track lies within the central diamond, both pulses 
on e-ither side o\·erlap and no reconstruction is possible. This plot was made using 
a drift velocity of 40µm/ns and a delay line \'elodty of 0.24cm/ns. It was assumed 
that two pulses can be distinguished if they are separated by 50 ns. This corresponds 
to a double track resolution of 2 mm in drift and 12 cm in z. 

The cases in which puises partially o\.·erlap waua.nt some special attention. In 
the following only the case of two tracks in one cell will be discussed. More than 
two tracks can be treaied. esseiniaJly in the same manner, the results however will be 
somewhat more complicated. 

The first. nontrjviaCc~e is the one, where both delay lines are separated and 
both pulses overlap in drift. Since the determination of z does not depend on the 
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Figure 31 • Areas o( overlap on the delay line (or two t.racks in the chamber. The first track lies~ 
at. 0.0 in this plot., t.he second a distance ~a ~.z away. If it falls in one of the strips one side on the 
line will overlap; it. it. (alls int.o the diamond shaped area in the cent.er bot.h sides will overlap 

knowledge oft.he drift time, this is no problem for calculating the z-coordinat.e. For 
the t.rack ";t.h the shorter drift time, a full 3D point can be calculated, for the second 
track, only z will be known \\;th normal precision. 

The ~~cond possibility is that. the signals measured on one side of the delay line 
overlap, but are separated on the other side and that the drift times for the two tracks 
are sepa:iated. In this case, the fact that the sum of the left and the right delay times 
have t.o be equal t.o t.he tot.al delay time of the line allows to disentangle the two tracks. 
On the side on which the signals overlap the time of the first arriving pulse can be 
measured. By pairing this with both of the drift times, computing the resulting sums 
and requiring that. they add up to the total delay time, it. can be decided, which time 
on t.he other side of the delay line belongs to the same pulse. One then knows, which 
drift time pairs up with the other track, and using the measured delay time on the 
non overlapping side, can calculate the z-coordinate oft.his track as well. However 
because one needs to use explicitly the total delay time and the drift time t.his position 

- will be somewhat. less precise. ----

If the delay line pulses overlap on one side and both drift pulses overlap, only one 
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Description measured ~z ~~ 

drift & delay pulses tu,/,.;,~ 

resolved 
Drift overlaps, de- tli~t.;., t..u 
lay resolved 
delay ovlps. on one ~i, t.1, t.n, T 
side, drift resolved 

Drift overlaps, de- tc1,tu.t.1,T 
la.y overlaps on ei-
ther side 

1 711 (tu - t.1) 

~v(tn - t.1) 

~v (2tt2 - tc2 - T) 
no individual re
construction pos
sible 

Table 1. 

2 

(4 2 1 2 2 2 
v u., + 7v <Ti ) = u~ •• o 

Measnable variables and expected resolution for two tracks seen by the delav line in one cell de
pending on whether all or oniv some of the four possible pulses can be resolved. A subscript "i" 
means, that for this variable all possible measurements can be done. "l ", that the earliest arriving 
pulse can be measured, etc .. To simplify the table, it has been assumed, that the timing resolution 

.. for dela~· fines and sense wires is equal. 

z-position can be determined. As before the early arriving track can be measured 
in drift. f131Jo,,ing the procedure outlined for the second case, z can be calculated 
for this onC' \this is possible, because the pulse which arrives first in drift is also the 
011e which will arrive first on the delay line side. where the pulses separate). For the 
second track~ the z determination will be less precise, since the drift time is known 
only to within 1 <r2 tP.e•. 

The last and worst case is the one, where both drift and delay line pulses overlap. 
Here not too much can be done. No sta.tement is possible about which pulse pairs 
up with which. -The z-position and the drift position can be determined only as 
an a\·eraged position between the two t.tacks with an error comparable to the 2-
trac:k resolution in both drift and delay. Onl~· if the tracks separate later in the 
chamber some degree o{ coordinate determination can be achieved by fitting a track 
and minimizing it.s x2 . Table I. summarizes the dii"e:rent cases. 

As one can see, in me&t. caKS t.lae itaek position can be reconstructed with good 
accuracy. Nearly alway5 same part of the information can be recovered and used to 
arrive at some .me:J..'tUrnne.nt a( the Z:··yos\tion of the track. According to table 1. only 
in the casre '1\nerc hotn the del,y-line- pulses and the sense wire pulses can not be 
separated, a s1seable det""riora1ion of the resolution takes place. Even in the third 
t.-a.se, where the:: delay line pulses overlap on one side, one track can be measured 

·: 
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with normal accuracy, the other one with somewhat smaller precision (typically for 
<T = 2 mm for the line, the second track would be determined with a <T of 3.5 mm). 

The possibility to retrieve information on tracks with partially concealed infor
mation is one of the strong points in favor of delay lines. Charge division e.g. does 
not offer this possibility. In a system with charge division the sense wires are made 
from a resistive "A·ire. The charge of the avalanche splits up between both sides of the 
wire. The measured charge depends on the distance traveled. If one measures the 
signal on both sides, the z-position can be determined as essentially the ratio of the 
two pulses [ 30 ]: 

z1=lQ 0 l + .2 
(6- 11) 

where Q1, Q2 are the measured charges on either side and l the length of the wire. 
This formula is only correct for parts of the wire away from the immediate end. For 
single tracks accuracies of around 13 of the wire have been obtained. 

The only measurable quantity here is the charge detected on both sides. If more 
than one track overlaps, it is impossible to tell the different contributions apart. Other 
than in the case of delay lines no additional constraints exist which would allow the 
disentangling of the two or more tracks. 

Another possibility to measure the z-coordinate along the wire is the installatiotr-" 
of "stereo layers" in the chamber. Stereo layers are sets of sense wires which are strung 
at an angle to the normal sense wire. In a collider environment with a cylindrical 
drift cham her like in 00 the stereo angle has to be kept small, if one doesn't want to 
separate stereo and non stE'reo layers by a thick dea.d region. The achie\•a.ble resolution 
in z degrades like 1/sin(8) with the stereo angle. At practical angles of Jess than 5° 
this translat.es into a resolution of the order of cm. 

Delay lines on the other hand allow resolutions of better than 0.23 of the line 
length. The drawback is that one has to introduce a rather large amount of material 
into the chamber and that one has to find a suitable way of mounting and supporting 
the lines· parallel to the sense wires. 

6.4. The 'Stony Brook' Delay lines 

In table 2. a number of different delay lines are compared. # 1 and # 2 are 
early D0 prototypes, # 3 is a line built for the CCOR experiment,# 4 and # 5 are 
late designs showing the eventually adopted geometry but from somewhat opposite 
design philosophies. 

· Fig. [32] shows the attenuation for lines #1,3,4 anc:i 5.Jt is interesting to note, 

, __ 

that the cutoff frequency (the frequency, at which the signal is attenu..ted.to half the ·---- ~--
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Line I t'Urns L c z v 
TD 
T,i" "1 /2 

# cm cm -I ~H/cm pF/cm n cm/ns MHz 

1 48 16i 6.S8 18.65 540 0.096 10.4 10.S 
2 44.4 152 9.68 10.36 1090 0.110 9.53 7.24 
3 147 80 1.39 4.49 .558 0.455 5.4 
4 132 66 5.4"' 18.9 285 0.18 18.0 14 •. 
5 180 26i 8.928 2.576 1530 0.235 32 20 

Chua<'teristic propen.ies of a number of different deJay line designs. 
I hasuJaring core, %/1000" thick copper ground plate, 5/1000" Kapton dielectric, 2.4/1000" DIA. 

cu-1nre. 
2 Same as #1, except that the dielectric is 15/1000" thick 
3 flat insulating core 2.5x 0.8 mm \'etronite. wire wound on core, Cu-vetronite strip glued to the 

outside of the line on one side as ground strip (CCOR collaboration) 
4 lil6" C-fiber-epoxy core. 5/lOOOn heat shrink tubing as dielectric, 0.006"Cu wire 
5 1/16" c-tiber-epoxy core. 16/1000" Teflon dielectric, 0.0015" Cu wire 

Line # 5 is of th~ final design. 
Cuttoff frequency is defined as the frequenc~·, at which a pure sin-wave gets attenuated to half 
its amplitude normalized to a I.kHz signal. Capacitance and Inductance have been measured at a 
frequency of 10 kHz. Rise times are measured from 103 to 903 of the signal. 
•ror this line no direct measurement of the inductance was a\·ailable. The cited value was calculated 
from the measured capacitance and impedances L = z" C 

Table 2. 

valut- at lkHz) is rather similar for all the lines and seems to be weakly correlated to 
- -- the number of turns on the line. 

A rather good figure of merit for a delay line is the ratio delay time over rise 
time. This measures essentially the dispersion in the line and therefore the ability of 
the line~ to propagate a short pulse without distortions. This is important, because 
a short pulse allows a more precise measurement of its timing. This also allows a 
harder shaping of thtt tail of the pulse. thereh~· making it possible to shorten the 
pulse more and impro\·e the double track resolution. Ideally the line has a small 
enough dispersion and attenuation so that the pulse shape is dominated by the shape 
of the pulse on the inducing sense wire, rather than by the properties of the line itself. 
If this ideal is reached. the pulse sf.ape will not vary as a function of position along 
the line and thereby fh~ ac~ura.cy of measuring z will not depend on z. The delay 
time o\.·er rise time ratio is aignificantly better for the last two lines in the table, with 
line .#5 ~ug by fat' the best. 
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diiferent delay Jines 

The main difference is the use of a carbon fiber rod as the core in lines #4 and #5. 
The carbon fiber rod is made of fibers running lengthwise in an epoxy matrix. Each 
individual fiber is conductive, but insulated from its neighbours by the epoxy. This 
produces a core material which has a low longitudinal resistance, but a high transverse 
one. (The use of Carbon fiber rods as cores for delay lines was first suggested by Mark 
Strovink, ·Berkeley). 

Line~ 4 and 5 are made with somewhat opposite design philosophies in mind. No. 
4 stresses the capacitance in the line, thereby achieving a line with a low speed and 
low impedance. Line no. 5 has a comparatively much higher inductance and lower 
capacitance. The result is a line with low speed and very high impedance. Both lines 
use the carbon fiber core, a.nd get good delay time over rise time ratios. The main 
difference between them is the use of a thick Teflon • dielectric in line #5. 

The high impedance line is the favorable design. Frequency response and To/TR 
are better. 

There a.re however some problems with choosing a high impedance design. It is 

• Teflon is a trademark of the DuPont Company, Delaware --- ---
---~ 
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- not easy-to cxtrac:t ~ charge from a system with an impedance of more than lkn. 
Typical preamp designs have input impedances of the order of 10on. These different 
impedances will have to be matched. The simplest solution is to put a resistor in 
series with the preamp tnp·ut so., that this resistor and the input impedance of the 
preamp add up to t&e total imped.a.nee of the line. No\C· however the signal seen by 
the preamp is only 100/1500 of the signal on the line. In addition a series resistor 
represents a source of noise. The rms equivalent noise per H :.112 is given by 

e'] = 4kTRs (6 - 12) 

where k is the Boltzmann constant, T the temperature in Kelvin and Rs the value of 
the effective series resistance of the system [ 31 ]. 

An alternative method for readout has been proposed by V. Radeka [-1]. Instead 
of using a real resistor to terminate the line, a capacitor in a feedback circuit can be 
used. This simulates a resistor without introducing the noise due to a real "warm" 
one. This methud is called "cold termination". Theoretically the noise can be reduced 
by 

(6 - 13) 

For Z = 1500!2 and Rs = 10on this improves the signal to noise ratio by a factor 4.1. 
Fig. [33~ sho""s the circuits for the two possibilities . .Although the cold termination 
promises a sizable improvement of the signal to noise ratio, for the 00 chamber tlie 
easier way of using the same amplifier as on the sense wires was chosen. The main 
reason for this decision was the availability of a integrated charge sensitive amplifier, 
while for cold termination an equivalent circuit would have had to be developed. For 
a future upgrade of the chamber however this option is being explored. 

6.5. Production of the Delay lines 

In order to produce the 256 delay lines needed in the central drift chamber with 
consistent quality a machine was designed and built, which would accomplish this 
task. The machine consists of two main components: A system which moves the core 
of the delay line linearly upwards, and a winding head, which rotates around the core 
and winds the wire on it. T.hc goal of the machine is to wind the wire on the core 
with constant tension and tA> lay ~exy wire immediately next to the one before. 

The basic idea of Che- ddaT line winder is that the core is slowly moved with 
respect to the windiog head~ b

0

ut does not rotate. The head spins a.round the core 
and lavs the wir~ but does not move linearh·. The whole s\•stem is mounted vertical . , . . 

. - -..._ 



: l?. •. 
. 4.:lf'".1.' 

14 The J)(l) central drift chamber: Delay lines 
a) ·- t.rmmaUDa 

~ - .. - . 

Slpal 

., . 1 . .. 
~·····~······················~~ , _ Rp o.l•F U.. I -.. _ .. 

I 

'. 

Figure 33 • Circuit diagrams !or a) warm termination b)cold termination o! delay lines 

with the core moving up in order to minimize problems due to sagging of the core 
etc .• 

The linear upwards movement of the core is split into two tasks: a rough posi
tioning of the core within a few mm to the right height and a fine correction of the 
core position to follow any variations in wire thickness etc- A linear actuator ( 32 ] 
is coupled to the motor which spins the winding heads and pulls a lever arm system 
slowly 11pwards. The speed is set such that for every revolution of the winding head 
the lever arm moves up by approx. the thickness of the wire. The core of the line to 
be wound is fixed to one side of the lever arm (see Fig. [34j ). The other side of 
the arm is balanced b~· a weight which, as the line becomes longer and more wire is 
wound onto it, is continuously adjusted as to nearly balance the weight of the delay 
line. There is always a small remaining weight which pushes down on the line. As 
the winding head lays an~ther turn of the wire on the core, the line itseli constantly 
pushes down on the wire and makes sure that no spaces are left between the old and 
the new windings. In other words, as a new tum of the wire is laid, the wire itself 
pushes the line up by just the correct amount. The }ever arm system makes sure that 
the push of the line on the "·ire is small and remains constant over the whole winding 
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Figure 34 • The delay line winding machine (not to scale) 

' .. 
cycle. ·. · ·. - __ . 

The winding head is responsible for laying the wire down onto the core with a 
constant tension. For this a mechanical feedback system is installed which regulates 
the tension. Fig. [35J 5hows a drawing of the winding head. The core passes through 
the center of the plate. The coil with the wire sits in the center of the system, with 

, . the line p&ssmg through its center. The wire is guided through a system of wheels 
from the coil onto the brake arm (1) and then over the guide wheel (2) onto the core. 
A spring presses the brake arm on the wire coiJ. Only if there is tension on the wire 
wilJ this brake be released. An adjustment mechanism (3) al]ows t.he tension to be 
set t.o the desired value. 

using this machine a.boat 300 delay lines were produced. Fig. [36j shows the 
density of wiDGings on the core as measured during the winding of the lines for 244 
delay lines. Both a scatter plot relating the density of the windings to the serial 
number and thereby the production sequence and a distribution of the densities a.re 

-shown. At around line # 280 there is a clear change and the spread becomes much 
larger. The reasons for this are not completely known, it. does however coincide with 
a change of operat.or of the machine. 
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Delayllne hole -.,, Gulde wheel 
' .. , (2) 

Spool with wire ........._ '-,. f Gulde whHI 

Brake 

Tension adfusfmenf 

Brak• bearing -. 

Figure 35 • Schematics of the winding head for the delay line winding machine. 

If one assumes that the line can be described by an ideal very long and thin coil 
the standard formulas for the capacitance and inductance of a long thin coil applr: 

c = 2'7f'fof'. 

I ln(az/at) 

L _ /JIJP.N
2

7r( 2 2) 
- G.z - Cli 41 

(6 - 14) 

where 41 and az are the radius of the core and of the windings respectively. 

8.6. Calibration of delay lines 

. In order to be able to correct !or the inhomogeneities of the delay lines discussed 
-: ' ·in the previous section, each line was individually calibrated after it was inserted into 

· .. the module. A pulse was induced in the line on 16 points along z, and the timing of 
theses pulses were measured. From this an average velocity for each line was obtained, 
and a detailed plot o{ the devia.tion of the actual line velocity from this average as 
a function of z was made. Fig. 137] shows a schematics of the calibration system 
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Figure 38 • Number of windings per cm on the delay lines as measured during the winding process 
and scatter plot of density of windings vs. serial number (=production time) 

used. More details about the system can be gotten from [ 33 ]. Here- only the results 
o{ the calibration shall be discussed. 

Fig. 138) shows the deviations from a perfectly linear line, measured in mm. 
Two things should be noted: the deviations appear io be systematic, not randomly 
scattered around the mean, a.nd they arc within one sigma of the line resolution. It is 
therefore sensible to correct each delay line time a.s a function of z and try to improve 
the resolution, but for many applications a reasonable z determination is possible by 
using the average velocity. 

In Fig. 139) shows a plot of the measured delay line velocities from the calibra
tion. If one compa.Tes this with Fig. [37), h is interesting to note that both scatter 
plots have a 06spilte" towards smaller velocities l larger winding densities at around 
the same serial number 290. This might .indicates that the observed deviations from 
the constant delay line ~ociiy actually are caused by the nonuniform densities of 
windings. A definite statement. however is difficult. 

Fig. "40: shows the eft"ect& of the inhomogeneities on the overall performance of 
the- liacs. l( one does not take the local variations of the velocities into account,but 
only .. cs the average individual velocities, the resulting residual distribution has a 
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Delay 
Line 

Amplif1er. 

Figure 3T • System to calibrate the delay lines 

Amplifier 

Computer 

sigma of 1.1 mm. This is about half the quoted sigma for the lines. For most purposes 
this is probably good enough and a deterioration of th~ line resolution from e.g. 2.5 
to 2. 75 mm will not be noticeable. 

To summarize it has been shown that delay lines can be wound consistently with 
the densit~· of windings constant on the 3 3 level (270.7cm-1 :!:2.43). The mca.sured 
variations in average velocity might be due in part to variations in winding density. 
Within one line the velocity \"aries locally in a not random manner. By measuring the 
velocity for 16 points along the line a indh'1dual line calibration is possible. However 
the av~rage deviation from the straight line fit is of the order of (1/2) tr of the intrinsic 
position resolution . 
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Figuft 41 • Central tracking electronics 

T. The D0 central Drift chamber: Electronics 

In this chapter a brief description of the complete electronic chain starting at_the _ 
1ense wires/ delay lines and ending with the reading of the data into the computer is 
given. It is meant only to give an overview o{ the electronics involved, not to provide 
an in drpib explanation of every component. For more detail a number of engineering 
notes r;dst [ 34 ], [ 35 ], [ 36 ], [ 37 ]. 

Fig. ~41] shows a general layout o{ the central tracking electronics chain. Analog 
signals go through three stages: after the preamp they are amplified and shaped in 
the shaper amplifier, then sent to the analog part of the FADC, where they are once 
more amplified and, using a special bilinear amplifier, compressed to an 8 bit total 
dynamic range. After this the signals are digitized. They are compressed by removing 
those parts of the traces which are only base lines, and sent out to the µVax data 
acquisition system. 

T.1. The Preamp 

82 
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Out 

· Figure 42 • Schematic of the Fujitsu MB43458 charge sensitive preamplifier 

A special hybrid was developed for the D0 central tracking detectors with 8 
channels of charge sensitive preamps, test pulse inputs and spark protection. The 
preamp is based on the Fujitsu MB43458 chip, a 4 channel charge sensitive pream
plifier. Fig. [42~ shows a schematic of one channel of this chip. This amplifier has 
a common base input stage followed by a two stage emitter follower. If a negative 
current. arrives at the input, the current through the collector of the input transistor 
will incrf'ase by the same amount. This in turn drops the potential at the base of the 
first transistor of the emitter follower by Ai; = Re • Al. for times large compared to 
the input time constant given by th" 15k0 resist.or and the tot.al capacitance of the 
collector t.o ground. . 

The two emitter followers simply act as a d.river for the output line with a voltage 
swing of~\\. The input cwn:nt pulse A~ is converted into an output voltage swing 
Al; = Re • ~L. The input impedance of the amplifier is 150 n . A low input 
imperl.ance is achieved by using the common base input stage. It is important for 
fast current pulses as expected from the drift chamber. The input of the device is 
protected by two diodes agmnst large signals. 

One Fujitsu chip has four of these preamps integrated into a small surface mount 
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package. Two of these chips are combined to a hybrid amplifier with eight channels. 
In addition to the built in protection circuits additional protection diodes and a 
small series resistor have been added to the input for further protection. In this 
configuration with an 50 n resistor in series the circuit survived sparking from a 2kV 
source through a 470pF capactitor . 

7.2. The Shaper 

The shaper is based on a crate with a VME bus. The crate is used to monitor 
the shaper board remotely and for controlling and setting the test pulse distribution. 
For this purpose the 32 channels of shaping amplifier on one board are divided into 
4 quadrants, each of which can be addressed individually. 

The shaper has two functions: it provides an amplification of the signal by a 
factor variable between 2 and 60, and it can be used to shape the pulses from the 
chamber. Two zero pole filters mounted on headers in the amplifier allow the users 
to adjust the shaping function to their particular needs. For the CDC the main use 
of this is to cut off the long tails of the sense wire pulses due to the ion drift. The aim 
is to produce a nearly symmetrical signal to improve the double track resolution. In 
Fig. [43] a simplified layout of the shaper card is shown. An input network suppF 
impedance matching between the cables and the amplifier, and decouples the groumf 
of the shaper from the cable ground via a coupling transformer. The amplification is 
done in three stages. The first and the last stage are done by differential amplifiers 
equipped with one pole zero filter each for pulse shaping. The intermediate stage is 
a single ended amplifier. An RC network for compensation of losses and distortions 
in the cable is located here. Both zero pole filters, the cable compensation network 
and the input network are mounted on a removable header. This way a tuning of the 
parameter for the needs of the specific channel is easy. In the final experiment the 
shapers· will be mounted underneath the detector on the so called platform. They 
will not .be accessible under normal running conditions. Special care has been taken 
to design them reliable. A special card in the shaper crate provides a programmable 
test pulse system, which is controlled by a 1553 bus interfaced to the token ring to 
the main control room. 
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Figure .C3 • Scffmat.ic layout of the shaper card 

'1.3. The F ADC 

'. > • 

· ...... 

_ Ar. the shaper the FADC (Fa.st Analog to Digital Converter) is a VME bus 
based card. A 68000 crate µProcessor does all necessary crate and data manag~ment. 
Communication with the crate is done in two ways. Data are sent from the crate via 
I special high speed da.ta cable to the rest of the data acquisition system. Control 
parameters can be set and read via an interlace to a token ring network. 

Fig. [44] shows a schematic layout of the FADC card. Three main functions can 
be distinguished: Input analog processing, actual digitization, and zero suppression. 

The analog part mainly comists of a. bilinear amplifier, the so called buffer am
plifier. Fig. [45] is a. simpiified vcnion of ibis circuit. The Bufi'er amplifier serves 
two different functions. It provides an adjustable gain input stage. The gain can 
be set via an input DC vaitage and can be varied by a factor 2. Second a special 
circuit prarides A hi.linear raponse to the input signal. For low input signals a high 
amplificaticm is used. 1f the input reaches a certain level, the gain changes to a lower 
value. The ratio of the two gains js 11, the break point is set at 192 FADC count 
equivalent. This way the range of the FADC which is normally 8 bitJs expanded to 

.. · ''•. 
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a total dynamic range of 9.5 bit, with reduced accuracy for the top part. Fig. [46: 
is a plot of th" transfer function for the buffer amplifier. Above an input voltage 

of 0.129 V the output is compressed by a factor 11, expanding the range of possible 
inputs without saturating the output by a factor 3. After the amplification stage the -
offset of the output can be set via a control voltage. 

Both- control voltages, the gain and the offset or pedestal, are controlled \ia 8 bit 
DAC's. They are set by parameters sent to the crate via. the token ring connection 
to the· <iata a.cquisition system. 

Signals from the buffers are digitized in the FADC's. These are 100 MHz 8 bit 
chips manufactured by SONY. They have an input range of 2 V. From the FADC 
the digitized signal is read into a first level fast memory. If a trigger arrives in time 
and declares the signal a good signal, the digitization cycle is stopped and the data. 
in the fast memory are not overwritten. They a.re read into a special chip, the D0 
zero suppress chip. The data are fed into a 8 bit wide 9 stages deep pipeline. As 
they are docked down the pipeline they are compared to a aumber of levels for the 
absolute value and the difference between adjacent values. 4 thresholds (!1 to T4) 
and 3 slopes (differences, SI to 53)) can be set from the outside individually forev~ 

""' 
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Figure 45 • Simplified schematics o{ the buft'er amplifier 

channel. The purpose of this chip is to find those areas in the data which are real 
pulses, and to eliminate all those where only base lines were measured. The exact 
conditions are as follo\\•s: 
Let B be the i - th data word, Di = B - B-1· Six internal flags are set: 

Cl = (B-:r > Tl)* (B-1 > Tl)• (B > Tl) 

C2 = (&-:r ~ T2)"' (B-1 ~ T2) * (B ~ T2) 

C3 = (B-:r < T3) * (B-1 < T3) * (B <Tl) 

C4 = (B-:r < T4) * (B-1 < T4) * (B < T4) 

CS= (A-1 > Sl) *(Di > Sl) 

C6 = (S2 < JJ._, < 53) • (52 < D, < 53) 

:.:::..'~-~·.;~ -··-~ 

. . ,¢i,: ·~=i~J: 

The ]ea.ding edg~ ~lld the trailing edge are then defined by the following two relations: 

LE= Cl"' CS+ C2 
TE= C3. C6 + C4 

.t- I~ ...... : .<; . . . : ·· .. --. ~ .. 

Only,-those data words which fall within a leading and a trailing .... edge are read out 

• 
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Figure 48 • FADC bilinear bufi'er amplifier trans{er function. The 8 bit Sony FADC hu a 2.0 
V input range. corresponding to 256 bins. Using the bilinear response o{ the bufi'er t.his can be ....,, 
expanded to 768 bins or 9 1/2 bits. 

from the pipeline. They are stacked from 8 to 16 bit and sent out onto the 16 bit 
data path. The data cable will sent the data as 32 bit words to the 

7.4. Conclusions 

A complete data readout system for the 00 detector has been designed and 
implem~nted at Fermilab. This system provides a fast and very flexible means of 
reading out information and digitizing them. A wide range of input signals sizes can 
be accommodated. A prototype version of this system was used at Fermilab for some 
time under realistic data taking conditions and performed satisfactorily. 



8. The Electrostatics Program 

8.1. Introduction 

An important part of the design of the central drift chamber was played by a 
program that simulates the electrostatics of the chamber. This program - a. more 
detailed description of which will follow- calculates the drift paths of electrons given a 
specific cell geometr;- and related quantities like drift time,potential etc .. In addition 
i~t allows the approximate calculation of induced pulses on wires and thereby the 
calculation of crosstalk and delay line pulses. 

The information extracted from this program was used to explore the behaviour 
or the chamber under various operating conditions. 

The goal of this study was to find a cell geometry, which, given the mechanical 
limitations imposed by the general design, allowed 

- to find the potential distribution in the chamber that produces the best field 
_--, configuration.· 

to minimize the time dispersion. 

- to find the optimal position of sense- and potential \\;res and the optimal number 
of potential wires so that crosstalk is minimized while disturbing tbe field as little 
a~ possible. 

- to maximize the pulse induce on the delay line while minimizing the cross talk 
from the next neighbour sense wire. 

- to minimize the electrostatic deflection of the \\'ires. 

The results obtained from the program were, wherever possible, compared to direct 
measurements on test cells or prototypes of the final detector. 

In the following chapter the program "·ill be discussed briefly. Then results from 
calculations will be presented and compared to experimental results. 

8.2. The "Drift" Program 
: . :· .... · .. 

The program used t.o do the a.hove outlined calculations is based on one written 
by Jerry Vav'ra, SLAC [ 38 J. The underlying theory was first formulated by Erskine, 

_____ C_ERl\ [ ~9 ]. Other a.ythors have written similar programs: [ 40 ], [ 41 ], [ 42 ]. The 
basic idea is to simulate a drift cell by an array of wires. which are infinitely long 
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statics Program 

The field in the chamber is then computed by superposition of 
ividual wires. This system was developed for chambers made up 

owever works quite well for chambers like the 00 drift chamber 
' with nearly continuous potential distributions everywhere but 

, assuming that no charge is deposited on the insulating surfaces 

___ ..Jf a single wire with radius rw and charge per unit length Q is 

---- - 1 - 1 E= -Q-r 
81t'Eo r 

for r > rw (8 - 1) 

where r is the distance from the center of the wire (r the unit vector in the radial 
direction). 

The potential outside the wire is 

V = -1~ ~~r 
1 - r 

= - -- 0 In - + t'o 
21Tto - ro 

(8 -2) 

Since under normal conditions the potentials on the wires, but not the charges ar 

known, the first step in the chamber simulation is to calculate the charges . One~ 
the charges are known, Eq.(8- 1) and Eq.(8- 2) can be used to calculate the field 
and potential at every point in the chamber by simple superposition o{ the individual 
wire contributions. 

Given an array of n wires at known but possibly different potentials, the charges 
Qi are connected to the potentials via. the capacitance matrix Cij: 

(8 - 3) 

' where QI is the charge per unit length on wire # i; l'j the potential of wire# j; and 
Cij is the capacitance per unit length between wires i and j . The capacitance matrix 
depends only on the geometry of the chamber (up to a sea.le factor, if the chamber is 
not in perfect vacuum). Rewriting Eq.(8· 2) by denning Q = Q/21t'to and r = r/ro 
yields 

V = -Q lnr +Vo (8 - 4) 

The potential produced at the position of wire # i due to the contributions of a.11 
other wires is 

Vi = - :E (In rij) Qj + \.-o 
j~i 

(8 - 5) --- - .-----
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h ·th h ·th · T al I where rij is th.e distan~ between t e J to t e i wire. o c cu ate the charges 
Eq.(8- 5) has t.o be inverted; 

Qj = (- L(ln rij) )-1 l) ~constant 
i::Ji 

(8 - 6) 

The program, rather than actually inverting the l\fatrix, solves Eq.(8- 5) for a given 
set of voltages. This methods is considerably faster than the inversion of a matrix 
with typically up to 100 "' 100 entries. In order to normalize the system correctly an 

additional row and column is introduced in the matrix of equation Eq.(8- 6), with 
only the diagonal element non zero. This is equivalent to fixing the constant in Eq.(8-

• 6) in a ~·ay that the total charge in the system is 0. 

8.3. The Drift !\-lap 

A helpful aid in visualizing the behaviour of the chamber is a drift map for the 
electrons or the ions. A drift map shows the paths of electrons (or ions) as they drift 
from their originating point towards the sense wire (cathode). To generate these plots 

,,......._ the program deposits charges at constant intervals along the trajectory of a charged 
particle passing through the chamber. Each charge is then drifted along the field lines 
until it hits a wire. Electrons whose drift path converge on the same sense wire are 
collected into a bunch. For each bunch distances of equal drift time from the sense 
wire are calculated and plotted. 

To actually calculate the drift path the program first determines the x and y 
component of the electric field at the location of the electron. It then steps the 
electron along the field vector some distance. The step size is varied so that the field 
at the new location in both magnitude and direction is different from the original one 
by less than some preset limit. Once this condition is fulfilled the electron is actuaµy 
stepped to its new position, the drift time for this step is calculated and the new 
position is used as the starting point for the next step. In order to calculate the time 
an empirical relation between the electric field and the drift velocity for a specific gas 
is used. 

Once the drifting electron approaches a sense wire to within twice the wire radius 
the drifting stops. Starting from a point on the drift path, that is exactly two radii 
away from the wire points of equal distance in time on the path are found by inter
polating between the steps. Therefore the equal time lines which a.re plotted on the 
drift map are lines on which the electrons would nave t.o start drifting should they all 
arrive on the wire at. t11e same time. 
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The result of this calculations is a plot that shows for one quarter of the drift cell 
drift lines a.nd equal time lines. 

8.4. Time dispersion 

The drifting electrons do not all arrive at the same time on the sense wires. This 
time spread, the time dispersion, is an important measure for the performance of the 
drift chamber. 

The time dispersion depends on the geometry of the chamber- mostly on the 
width of the gap over which electrons are collected by a specific sense wire-, on the 
potential distribution of the surrounding wires and on the gas used. Of particular 
importance is the region immediately surrounding a sense wire up to distances of the 
order of the inter wire spacing. 

Electrons get collected by a given sense. wire over an extended part of the track 
of the ionizing particle. Electrons starting on different points on this primary track 
travel along different paths to arrive on the same sense wire. Those electrons which 
were freed just at the edge of the region which is collected by this sense wire will have 
the longest path while the ones starting in the center of the collection region have th,. 
shortest. .....,, 

To calculate the time dispersion a consequence of gauss law is used, which states 
that the electric flux for the drift field is conserved. The field in the immediate 
surrounding of the sense wire is essentially a radial field, out in the drift volume 
it is uniform. A flux arriving through a given opening angle at the wire will have 
originated over a equivalent length of the track of the ionizing particle. For example 
all the charge produced over 103 of the track segment which drifts to one particular 
sense wire will arrive within 10 3 of the opening angle of this bunch at the wire. 

The program determines the part of the track which drifts towards one sense wire 
and calculates the drift time for the inner 903 of all charges on this track to arrive 
on the wire. 

The difference between this time and the shortest drift time for these charges is 
then the time dispersion (90 3 ). 

A small time dispersion is important because it enters directly into the rise time 
of the pulse. In principle a longer rise time is not necessarily a draw back, because 
in a system using digitization electronics as 00 does a longer rise time will actually 
mean a better precision. However as discussed in the section on the physics of drift 
chambers the deposition of the primary electrons is a statistical process resulting 
in the formation of clusters of electrons along the track of the ionizing particle. A 

.... 
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larger time dispersion due to the field would increase the fluctuations seen due to this 
clustering and Jower the intrinsic accuracy of the chamber. 

8.5. Calculation a-f induced pu)se9" 

One important criterium in the design of a chamber is the crosstalk between 
neighbouring electrodes like sense wires and~ ill the 00 case, delay lines. A certain 
fraction of the signal seen on wire #1 will be induced with opposite sign on the 
neighbour wires. One goal of the design of the chamber is to minimize this induced 
signal between sense wires and maximize it for the case sense wire delay line. 

The two cases -sense wire to sense wire crosstalk and sense "'ire to delar line 
crosstalk- should be looked at under slightly different circumstances. For the sense 
wires the crosstalk should be kept as small as possible. The parameters that influence 
the size of tile induced pulse and which can be changed are the distance to the 
neighbour wire and the number and arrangement of the potential wires, separating 
the two sense wires. In the case of the delay line pulse it was found that two sense 
wires contribute to the signals: the one closest to the delay line and the next one 
in the cell. The contribution of the second wire should be kept as small as possible, 
while the closest Vl;reo should induce a large signal on the line. 

Two things can be changed to improve the situation: The shielding between the 
second wire and the delay line can be improved. At the same time the gain on the 
wire closest to the line can be raised increasing the dela)" line signal. ~ow however 
care has to be taken to make sure that the crosstalk between the two sense wires does 
not increase to unacceptable le\·els. 

In order to calculate induced pulses a simplified scenario is investigated. As 
discussed in the section on the physics of the drift chamber, the pulse seen on a sense 
wire is mostly due lo the charge induced on this wire by the positive ions a.s they are 
mo\"ing away from the wire. Simplified the wire is surrounded by a sheet of positive 
charge which slowly expands and drifts away from the wire. The field of the wire is 
nearly radial for small distances from the wire, and falls off like l/r with the distance 
r from the wire. The largest contribution to the current pulse comes from the first 
few wire radiuses of drift distance of the ions, and most of the pulses seen on other 
·~dres will have been induced during this initial time period. To calculate the relative 
induced pulse height on other electrodes, this dynamic situation is replaced by a sta.tic 
one, where the moving sheet of ions is replaced by a charge at the position of the wire. 
The induced charge is then delcrmincd by the ca.pacitive coupling between this wire 
and the surrounding electrodes. This describes the process integrated over the initial 
part of the pulse. This is a very g()()d .ipproximation of the actual process because 
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the preamplifiers used are integrating amplifiers. 

For example, consider the case where the charge qi. induced on conductor 1 by a 
charge placed on conductor 2 shall be calculated. 1 and 2 are pa.rts of a larger system 
of wires. The whole system is described by the equation 

n 

Qi= LC;;V. (8 - 7) 
i=l 

To simplify the problem, a unit charge is placed on the conductor 2 and all other 
conductors are grounded. So l{ = 0 except for i = 2, and Eq.(8- 7) reduces to 

or 

Qi= C12V2 

Q2 = 1 = C22V2 

Cu 
qi= -

·C22 

For a more complete description of this method see for example [ 43 ]: 

To get the induced pulse on the delay line a wire was put at the position of the 
delay line. No information about the absolute pulse height will be obtained in th1" 
wa.y, only relative pulses can be calculated. ,,.,,., 

This method of calculating induced pulses has a few drawbacks: 

it does not give a.ny information about pulse shape or relative timing of original 
and induced pulse. 

· the representation of the delay line with a single wire is a rather crude one and 
some discrepancy between calculated and experimental numbers are to be ex
pected 

• as ~tated a.hove this method does not take into account the signal induced by the 
positive ions as they are drifting away from the sense wire. 

8.6. Calculation of the Displacement of wires 

Under the influence of the electric field and the gravitational field the wires in 
the chamber will deflect by a. certain a.mount. This displacement ha.s to be kept to a. 
minimum if it should not seriously affect the position resolution of the wire and the 
uniformity of the gain along the wire. 

The deflection of a. wire in an electric field ca.n be easily calculated: The two 
forces acting on the wire (for the moment electrostatic and gravitational force will 

--·----
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not be considered separately) are the electrical force and the opposing force due to 
the tension in the wire that tries to keep the wire in the position with zero deflection. 
If T is the tension at a points on the wire and f the force per unit length due to the 
external field then 

- - Jt 2 
T(s +As) - T(s) = ds ~s + O(~s ) 

df - -
ds+F=O 

(8 - 8) 

or, in components (where xis the coordinate along the wire, y perpendicular to it): 

dTz =O 
ds 
Tz = canst 

=To 

dTy = Fy 
ds 
Ty= Fy(s -s.) 

(8 - 9) 

Here it was assumed, that the force acts only in the direction of they-coordinate and 
is constant along the wire. Solving these two first order differential equations and 
~alculating the total tension as T = j(Ti + Tj) gives: 

(8 - 10) 

where a = F/To and F the electrostatic / gravitational force. Eq.(8- 10) describes 
the tension as a function of the coordinate s along the wire. 

With 

one gets using Eq-;( 8- 11 ) 

dz 1 

Tz = Tcosa 

= Tdx 
ds 

ds - ,/(1 + a 2(s -so) 

Ty= Tsina 

= Tdy 
ds 

dy = a(s -so) 

dlJ ,/(1 + o 2(.s -so) 

Soh·ing these equations and eliminating (.s -so) yields: 

1 
(y -ya)= -(cosh a(z -zo) - 1) 

Q 

(8 - 11) 

(8 - 12) 

(8 - 13) 

For small deflections-one gets 
. -· -~·--- .. __ - ... · 

( ) 
la2{z-xo)2 

y -yo :::: - _ .... ___ _. __ 
a 2 

(8 - 14) 

-
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At the center of the wire (x = 0 and xo = l/2) 

o: z2 
~ = y-yo = --

2 4 
(8 - 15) 

This formula is applicable for both the electrostatic deflection and the gravitational 
sagging. In the former 

and in the electrostatic case 

<rg 
Ct= -

To 

OE 
a=-·-

Tol 

(8 - 16) 

(8 - 17) 

where Q = charge per unit length on the wire, E the electric field at the position of 
the wire, To the mechanical tension, l the length and <T the linear mass density of the 
wire and g the gravitational acceleration. 

This formalism works reasonably well as long as the deflections of the wires are 
small. For larger deflections an iterati...-e process has to be employed, since moving 
the wire in principle changes the field on the wire and therefore the force it sees. The 
calculation of the deflection of each wire should be repeated using the displaced wire 
position and the field at the new position. However at this point the wire can no""""' 
longer be treated at an infinitely long straight object in the third dimension, and the 
whole concept used for this program starts to break down. 

The following table shows both the measured deflection of a sense wire and the 
calculated deflection. The wire used was an edge sense wire. 

Chamber Voltages /kV Deflection I µm 

V1•s1.i \ ·., .. ,. V1in \' ... , measured calculated 
0 0 0 0 0 0 
0 0.35 0 0 - 42 = 15 • 20 

-4.2 0.35 0 0 -0::!:15 8 
-4.2 0.35 l.00 l.00 56 ± 15 52 
-4.2 0.35 l.40 l.40 42 ± 15 54 
-4.2 0.35 l.50 l.50 42 ± 15 52 
·4.2 0.55 l.50 l.50 16i ::: 15 112 

The calculated and the measured values are roughly in agreement. The discrep
ancies can be understood in the following way: 

· The measurement error is rather large. The deflections were measured with a 
microscope with a scale in the ocular, but the overall calibration was estimated 
to be good to not better than lOµm. In addition each measurement carries a 
measurement error of about the same order: ±lOµm. 
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- The module which was used for these measurements was an early prototype. The 
mechanical tensions of the wires in this module were known only to within ±203. 

- As pointed out above the calculations are not iterative and will break down the 
moment the deflections become large. This can actually be seen at the last entry 
in the table, where a measure& deflection of 167µm is put against a calculated 
one of only 112µ.m. 

All these effects contribute to the discrepancies between the measured and the 
calculated value. However the table shows that for small deflection ( small mean
ing less than 100µ.m ) the agreement between theory and experiment is acceptable. 
'.l'hese calculations certainly can be used as an indication of the size and direction of 
deflections to be expected. 

To get a better prediction of the wire deflection, a considerably more sophisticated 
program is needed. This program not only uses an iterative process to calculate 
deflections but should also take into account that the wire is no longer straight in its 
deflected state and the field along the wire is no longer constant. 

8. 7. Electrostatic Stability of Wires 

If sufficient charge is put on a wire in a field the force experienced by that wire 
can become large enough to put the system in an unstable state. More than one 
metastable configurations might arise and the wire starts oscillating bet\\·een them. 
Tom Trippe ~ 44 : shows that for a simple linear arra~· of wires under equal tension 
and ''·ith equal charge there exists a critical tension X. which separates the stable 
configuration from the unstable one. In the following his results are expanded to the 
case of a wire configuration of the arrangement as the DO chamber and to wires with 
different charges. -

In a system of wires as sketched in Fig. [47] two different coherent displacement 
patterns can be found. In Fig a) the sense wires are deflected out of the sense wire 
plane. one up, one down. It is assumed, that the potential wires do not move, since 
they are strung at a much larger tension. Above a certain charge on the wires this 
pattern rather than the normal "design" pattern has a minimal energy for the sys
tem, and the transformation into this state will occur suddenly upon an infinitesimal 
deflection of any wire of the array. Fig b) shows the second mode: All sense wires 
are displaced by the same amount in the sense wire plane towards one side. The 
sense wires are sitting asymmetrical in the cage of potential wires, which again were 
assumed to be stationary. This position as well will be reached suddenly following a 
small disturbance of any one sense wire in the correct direction, if one goes beyond 
the so called limit of stabilitv. Both modes have two separate solutions, because the 
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Figure 41 • Two coherent modes o{ displacements under the electrostatic f'orce f'or mense-'llllfl 
poiential wire arrays. Indicated are the forces acting in the two dift'erent cues. 

directions of the disturbance that initiates the transition can be either up or down 
for the first type or left or right for the second type. 

For the first type of instabilities three different contributions can be separated. 
The bottom ro\\" of potential \\ires acts on the sense wire, the top row counteracts this 
force some'W"hat, and every second sense wire has a non \"anishing force component on 
the central wire. Only those sense wires which are at a different y-coordinate than 
the wire being looked at will contribute a net force. These dil'erent forces are 

Fi 2 
1 1 . 

l = - 9' c; aina 
211'(0 V(b ~ A)2 -r 42 

1 b- ~ 
::::: ;;q,c;(b+ A)2 + a2 

I:" 2 1 1 . 
r2 = - -

2 
q, c; . I aino 

1rf0 V (b - A)2 + ci2 

(8 - 18) 

I b-A 
:::::-;;9'c;(b-A)2 +a2 

where a is the inter wire spacing, b the offset of the potential wires out of the plane, 
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and terms ;ot .linear in 6. have been dropped. After adding both forces and expanding 

to order ~ oae finds: 
1 26. 

F = - 9t CJt 2 . b2 
7T6:t a '"t' 

(8 - 19) 

This is the force dve to the four next neighbour potential wires. The force due to the 
two next sense wires can be obtained similarly: 

F 1 21 . = 2-- qa -.nna 
2ren r 

1 2 ~ 
(8 - 20) 

::=:: -q, -2 
11'En 2a 

Again the expression has been expanding to include all order .!l terms. The total 
force due to the next neighbours is the sum of Eq.(8- 20) and Eq.(8- 19): 

1 .!l 4a2 

F = -
2 

2 q, { q, + 2 b2 <;} 
ren a a. + (8 - 21) 

To derive the full force a sum over all wires in the array has to be done. For the 
special case of b = 0 and Q, = 2<; the sum can be done for a very large wire array: 

1 11'2 ~ 
F = - -8 q. ( q, - 2 Q,,) 2 2 

11'tU a 
(8 - 22) 

The second typ~ of instability can be treated in a similar manner. Here- the sense 
wires - sense wire interaction does not contribute anything, since all sens~ wires are 
symmetric with respect to the one being investigated. After som~ algebra one finds 
that the force on a se.nse wire due to its immediate neighbours is given by: 

(8 - 23) 

Again for b = 0 and a very large array the summation to compute the total force can 
be done and the result is: 

1 7T'2 ~ 
F = - -q.O,,-

rto 8 • a2 (8 - 24) 

If the wire is being deflected th~ tension in the wire is producing a restoring force 

(8 - 25) 

__ _..--

----- ----- -
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Figure 48. Ratio of the two forces responsible for the twodifrerent modes ofinsiabilities. Jndica•--t 
is the point at which the 00 chamber will operate under nominal conditions. ......, 

For small deflections the electrostatic force can be linf'arized to the form 

F.1 =Icy 

so that the state of equilibrium is described by: 

J2 
T4-;-ky = o 

dz 

(8 - 26) 

(8 - 27) 

The solution to this equation with the boundary condition that· y = 0 a.t z = 0 and 
at z = ,l is given by: 

and the addition&! constraint: 

or 
kl2 

T=2 ,.. 

(8 - 28) 

(8 - 29) 

(8 - 30) 

In the case of the 00 chamber a= 2b. Here for q. < -16/Slg.I the second instability 
dominates. Fig. [48J shows a plot of the ratio of the two forces. The chamber is 
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operated in a region where the first instability dominates. However one should keep 
in mind that only next neighbour interactions have been taken into account here. 
Including wires further away might modify the results somewhat. 
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9. Electrostatic Simulation of the Chamber 

9.1. Mechanical Tolerances 

The mechanical skeleton of the 00 central drift chamber is made of light com
posite plates (see the section on the construction of the chamber for a more complete 
description). This construction method has the drawback that it introduces the possi
bility of misalignment between this walls and the adjacent wires. These displacements 
potentially are much larger than those expected in conventional "all wire" wire cham
bers. 

To study the effect of these mechanical tolerances the electrostatic program was 
used to calculate the charge on the sense wires for different positions of the chamber 
wall. The charge on the wire determines the gain of this wire as G = A exp BQ, 
where A and B are constants. Empirically a 43 change in the charge on the wire 
results in a change of the gain by a factor 2 for most Argon based mixtures. 

Fig. [49] shows the charge on 51, 52 and 53 ( in arbitrary units) as a function 
of the wall position x, measured with respect to the center of the chamber. One se,.
that, as expected, 51 is the most affected wire. The charges on 52 and 53 are hardi,' 
changed by moving the wall. 

The charge on 51 shows a weak minimum around x=2.3 cm. Variation of the wall 
position around this value changes the charge by a rather small amount. The chosen 
chamber half width of 2.21 cm is close enough to this minimum, so that variations of 
± 0.5 mm vary the charge on 51 by about :±: 1 3 . 

Since the system is linear in the potential applied to the wires changes in the 
wire potentials will not affect the basic shape or position of this minimum. The 
bottom part of Fig. [49} confirms this statement. Also the gains of the wire changed 
substantially, the position of the minimum remained constant. 

Hand in hand with the question of the sensitivity of the gain against movements 
of the wall goes the question how the electrostatic deflection of the v.;res depend on 
the mechanical tolerances. Fig. [SO} shows the electrostatic deflection of the outer 
sense wire as a functior. of the wall position. The wall position again is measured from 
the center of the chamber. The deflection crosses 0.001-Lm at z: :::::: 2.05cm. At around 
x=2.l cm the curve levels out and, although at nonzero total deflection, becomes 
rather insensitive to further changes in the wall position. The actual width x=2.21 
cm is well within the flat region , so that no significant influence of the wall position 
on the wire deflection is expected. --- -

102 
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Figure 50 • Win deflection vs. wall position lor•the outer sense wires for diff'erent voltages 

Fig. [51] compares the normal chamber geometry in the top plot with a chamber, 
where the outer wall \\·as moved by 0.5 mm a.nd 5 mm away from the wires respectively. 
The field distortions are quite severe and can be seen to propagate nearly to the 
center of the chamber. The wire most affected by this is the second sense wire, whose 
collection region gets squeezed at large displacements. However for realistic numbers 
• displacements of less than l/2mm· the field distortions are limited. 

-......__ 
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Figure 51 • Drift maps showing the chamber with moved outer walls. Three pl.ots are shown .. rhe 
to_p one shows the chamber under nominal operating conditions with the wall at its normal position. 
The second one depicts a chamber with a wall moved bv 0.5 mm. In the lower plot the wall has 
been moved outwards by 3 mm · 



··.· '. 
•. 

.1 i 
I o 

: . . . 
r 

106 Electrostatic Simulation of the Chamber 

9.2. Crosstalk Measurements and Calculations 

a) Sense wire Sense wire crosstalk 

As pointed out in the introduction the crosstalk between the sense wires can be 
changed by changing the distance between wires and by varying the number and 
arrangement of the potential wires separating neighbour sense wires. 

To compare the calculated predictions with measured values a small proportional 
chamber was built and used to measure induced pulses for different wire geometrics. 
The signal in the chamber was obtained from a Fe 55 source, which has a monochro
matic soft X-ray line at 5.9 keV. The signal. was then amplified and digitized. The 
cited numbers for crosstalk are the area (=total charge) under the averaged pulse. 

Three configurations were measured: 

1) One potential wire separates two sense wires. The potential wire is located on a 
straight line connecting the two sense wires. 

2) Two potential wires separate each sense wire pair. They are offset from the sense 
wire plane by half the sense wire spacing 

3) Three potential wires separate the sense wires, one arranged as in geometry l),the 
oth~~ two as in geometry 2) 

4) Two potential wires out of the sense wire plane by one quarter of the sense wire 
spacing arc separating neighbouring sense wires (no direct experimental data are 
available for this setting) 

The quoted results are the relative pulses induced on wires or delay line 
measured in percent of the pulse on the inducing wire." -.._ The results of 
the measurements and the calculation are compared in the ~~llowing table: 
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' Configuration measured 
I 

calculated 

! - cross&alk cross&alk 
I 

! a t 

) + :I)+ tl.O ± 1.0 3 I 6.03 
I 3 0 2 ... - I -· 

0 i 
5.6 3 2 + • ~u-

4.5 ± 1.0 3 I 

• j 

• 
J + • -r]~-

3.5: 1.9 3 i 3.13 

• 
I 
I • -r ...1.,s n/a 4.0 3 I 4 + • f I ·-

Table 1 

As expected three potential wires give optimal shielding power, however 2 poten
tial wires arranged as in geometry 4) are nearly as good. Table 1 also shows that 
the agreement between the measured values and the calculated crosstalk is very good 
and within the error of the experimental measurement. This shows that the simple 
method as described in the previous chapter is adequate for predictions of crosstalk 
in the chamber. 

Fig. !S2! and Fig. [53: sho\\· predictions for sense wire sense wire crosstalk for 
a pair of wires in tlie middle o{ the chamber ( which are therefore insensitjve to edge 
effects), and a pair of outer wires (Sl and 52). In both cases crosstalk for thf' case of 
two and of three potential wires separating the sense wires is shown. 

Although in both cases 3 potentjal wires perform better than 2 the difference is 
rather small. In particular 2 wires can be somewhat closer to the sense wire plane 
than the 2 outer ones of a 3 potential wire geometry, therefore partially compensating 
for the loss of the shielding power of the inner potential wire. For the 2 wires being out 
of the sense wire plane by laalI the sense wire spacing a crosstalk o{ 4 3 is achieved. 
This is a ,.ery acceptable- J~eL . : • 

The situation U. different for the two outermost sense wjres. Here the aim is to 
- _____ reduce the crosstalk as much as possible because the outer wires will be run at about 

twice the gain of the inner ones, therefore making the crosstalk to S2 worse, and, in 
particular, the signal seen on the delay line from 52 has to be as small as possible. 
Therefore for the two outer wires the additional shielding provided by three potential 
wires is needed. 

For mechanical reasons the spacing between three wires in a straight line cannot .-· --:;;;..---.-.. ____ -
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x 3 Potentialwires 

e ... 2 Potentialwins 

- )( 3 Potentlalwires. Inner a.e ........ wire +O.Smm in Y. 
N (Premed geometry) 
Cf) s I 

Cf) 

~ _, 
4( 

4 ... 
Cf) 
Cf) 

0 
a: 
(J 

3 

2 
0 2 3 

d/mm 

Fia:ure 52 • Cross talk from Sl to 52 for different potential wire geometries u predicted by tJ- -
pragram ...,,, 

be less than 3 mm. This forces the two outer potential wires further out into the 
chamber at ± 3 mm. The crosstalk calculated for this configuration is 3.1 3. 

9.2.1. Delay line Signals 

In order to maximize the pulses seen on the delay lines and to improve the shield
ing of the delay line from sense wires other than the one right next to the line the 
described methods of calculating induced pulses was used for delay lines as well. 

Again the values predicted by the program described in the previous chapter 
were cross checked with actual measurements on the a.hove mentioned proportional 
chamber, this time equipped with one delay line in addition to the sense wires. 

Table 2) summarizes the results: 
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' 
x 2 Pofentialwires 
+ 3 Potentiolwires 

Operating point 

-a.e -.., • en 
....... 
~ 

en 

3 

2 l_...L_..J..,..-L.._..L..---l.--l'---.&...-..L....-L..--L_.L~L..-J.......L..........L..-l-__..L......01--~ 

0 2 3 

d [mm] 

FiK1Ue 53 • Cro11 talk from 53 to 54 for different potential wire geometries as predicted by the 
program 

Configuration measured I calculated 
dela~· line signal I dela~· line signal 

d=2.5 mm 32 ± 1 3 ' 34 3 
d=4.0 mm 20 ± 2 3 I 27 3 -

d=ll.O mm 11=1 3 I 143 
2 pot wire d:2.5 mm 31 ± l 3 i 33 3 
3 pot wire d=2.5 mm 32± 13 i 313 
3 pot wire d=3.0 mm 30 ± 1 3 I 31.7 3 

• .. .. 7 .. ~"""1~:·~ 

. ~.·::-P. ' '.f~:.'~ ~. Table 2 
,... .1 >""•. 

Ta.hie 3. shows the signal& induced on the delay line from the second sense"wire. 
The mea.surements agree la5Ga&bly well with the calcul&ted values showing ·that ~he 
predictions are reliable to a.bout 2(J %. [t should be pointed out ·though that the 
absolute value of the induced signal can not be predicted well within this ·method. 
Only the rda.tive .size oi induced pulses on the delay line are Caicuiable.rThe·re&son 
for this s tbt within the context of a cham her simulated entirely by ·wires it is very 
difficult t<> introduce an extended object like a delay line. Ho.;eve~ ihe tables show 
th&t once the overall normalization has been fixed the relative sizes of induced pulses 
are predicted rather well. ,. "' . -"'~ , - .,,. 
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Configuration I measured calculated i I dday line signal delay line signal 

: 
1 

13.S I as I'·' I 
" 0 ,, {~ 8.5 ± 2.2 3 8.6 3 

! 

.lS !S : 'l.O I 
2 .. 0 " -< llL. (.9 ± 1.5 3 8.0 3 

; 

3 
i~ ~~.s- ;2.s I ! 

4.5 3 I ,-1( - "{?:L 4.5 ± 1.3 3 i 
·:?it • 

! !'ls •J.S ! :.~I 
; 

I 
4 -!l • ;. {~ 3.5 ± 1.0 3 i 2.7 3 

1.75 i • I 

: l.IO • 14.1 I 3S I l 
j 

2.s ± i.o 3 I ' 5 -· 0 I( {1'- 3.4 3 
3.C --· ; -

Table 3. 

To measure the height of signal induced from SI on the delay line and to compare~ 
this with the signal induced by 52 it is convenient to introduce a ratio R such that 

R = ~ulse induced b~· Sl on delay line 
pulse induced by 52 on delay line 

Ideally R would be oc: no delay line signal is seen which is due to a signal on 52. 
This ,of course, is impossible, so the goal is to make R as large as possible. To do 
that 51 should be moved as close as possible towards the delay line while 52 should 
be as far away as possible. In addition the electrostatic shielding between SI and 52 
and therefore the shielding of the delay line from 52 should be as good as possible. 
However 51 can not be moved too close to the delay line, because at some point the 
electrostatic deflection of this wire will become too large - with the ultimate danger 
of the wire being pulled into the wall and becoming inoperative. A 3 mm distance 
to the wall appears to be a safe distance. Given the chamber be3ght of 44.2 mm and 
the chosen sense wire spacing 6 mm 7.1 mm are left between Sl and 52. Fig. (54] 

shows the (calculated) ratio R && a function o( the offset d of the potential wires 
from the sense wire plane. Both cases - 2 and 3 potential wires separating 51 and 52 
• are shown. \\Tith 3 potential wires and d=3 mm R = 11.8 is achievable. It should 
be noted that R does"not appear to be as sensitive to the number of potential wires 
as the sense wire sense wire crosstalk. . 
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X 2 Polentlatwires 
+ 3 Pofentrolwires 

Operating point ! . 

l 

d/mm 
! 

Figure 54 • Ratio R (signal induced ont.o the delay line Crom 51 over signal induced ont.o the delay 
line Crom 52) vs. the spacing o{ the potential wire separating 51 and 52 

9.3. Electrostatic Stability 

An important question is whether the chosen wire geometry is electrostatically 
stable and whether possible deflections are small compared to the intrinsic chamber 
resolution .. SI and 52 a.re both in a somewhat a.symmetric situation and therefore 
potentially subject to large forces. To first order the deflection D depends on the 
sense wire voltage itself~ the voltage applied to the central potential wire ·~eparaiing 
Sl and 52 and the \0 oltage of the central field shaping strip. The following figures. 
show some typical slices of the v'S1 - 1'fotin - V~trip deflection space. > -··\:~5 •. .. . . 

Fig. [SS] shows the ddlection of 51 vs the strip voltage for ~er~~ -:v!~tages 
of 51. The inner wira are kept at 1.45 kV. The dependance of the ddect1on on the 

_,.. i:: .. ..;...·.-;,e. ... -.~·-

sense wize voltage is :not vrry sUo1lg and passes through aao !or strip !~!>.lt~ges.,b~tw~n 
-~-~V ~~ .300\" ~. Fig. \56) shows the same situation in a different. Prc;>jec_~on, with 

- - · Vitrip constant and the sense wire voltage varying. Fig. [57] .1howi the d~_fiection 
of 52 vs the voltage on the outer sense wire for different voltages o~, t~e inner wires. 
The deflections a.re very small and do not vary strongly {or quite a range o{ ~~th VS in 

and Vsoui. . : .~ '"· · . 
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From the above discussions the following geometry seems to optimize both 
crosstalk and R while keeping the deflections small : 

- 7 sense wires, the 5 inner ones spaced 6 mm apart, the two edge ones 7.1 mm 
away from the next neighbour. 

- The 5 inner sense wires are separated by 2 potential wires each, which are offset 
from the sense wire plane by 1.5 mm · · - - -

- Th«: 2 edge sense wires are shielded by 3 potential wires, one in line 'Aith the 
sense wires, the other two offset by ± 3 mm. For mechanical reasons the inner 
potential wire of the three is moved towards the edge sense wire by 0.5 mm. 

9.4. Time dispersion 
. ' 

A number o{ popular drift gases show a characteristic maximum in the drift 
velocity as a function of drift field. The velocity after passing through this maximum 
decreases and with increasing field levels out. This region o{ "negative slope" can be 
used to reduce the time dispersion seen by a sense wire. 

In a typical drift map the electrons start out drifting on parallel trajectories 
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Figure 58 • Detleciiou of Sl -Ys. sense wire voltage !or difl'erent strip Yoltages 

towards the sense wire. Close to the wire the outer line start to bend inwards until 
close to the "ire the field looks very much like the radial field of a single ~ire. The 
path length for electrons on the out.er bending trajectories is considerably longer than 
for the inner ones. This translates in to a longer drift time for the former. Bo\\·ever, if 
the drift field is chosen to be within the region of negative slope, the outer electrons 
ace in this inhomogeneous region a smaller field than the ones which are drifting 
straight to the wire. Therefore they are faster than the inner electrons and thereby 
partially compensate for the longer path length. Fig. [58] shows this efi"ect quite 
clearly: The main plot shows the time dispersion for. &"-track 
starting 2 cm from the sense wire plane u a function of the drift field ... The ."~rve 
has a clear minimum at about 500 V /cm drift field. In the inset the'velocity-drift 
field plot for the used gas - MARK II in this case.- is shown. The n~gatrv~ ~~l!>pe here 
at.ends from a field o{ a.boat 3fMt V/cm toward 750 V /cm, which coincides with the 
rcgioa o{ minimlUD tilft dispc:sion on this wire. The two curvei~hown)n the main 
plot. are calculated for sen~ wire• 2 and 3 respectively. They are ~ff'~t because of 
the &t&~n& of the sense wires. Wire 3 is moved towards the track, which reduces 
·the!oc~asing effect of the potential wires and slightly increases the time dispersion. 

The program was also used to try to answer the question oi how far the geometry 
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Figure 5T • Deftection o{ 52 n. the voltage on the outer wire 

and the running conditions of the chamber influence the time dispersion. In particular 
one seeks answers to the following questions: 

• How does the time dispersion depend on the drift distances of the electrons. 

• How does the time dispersion depend on the potential of the sense wires. 

• Is· sense wire 1 special in respect to its time dispersion, and by how much is it 
diff' eren t. 

• Bow much does the strip voltage influence the time dispersion, in particular on 
sense \\-ire 1. 

In Fig. [59j the time of arrival for electrons with different starting points in the 
chamber are shown. Each "cup" represents electrons which will end up on one sense 
wire. The edge sense wire is at z = l.9lbn, the inner one at z = O.Ocm. Plots for two 
gases are shown, the upper one for a constant drift velocity, the lower one for MARK 
II gas. The focussing effect of the MARK II gas and the staggering of the wires are 
apparent. In Fig. [60] the time dispersion is plotted as a function of the percentage 
of electrons in a particular bunch included in this time _disp~_on. In other words, 
to collect 1003 of all electrons on S\\' 2 one has to wait about 45 n~hile for 90% 
one only has to wait around 15 ns. The time dispersion increases rapidly for the · ~ 

,. ~ 
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Figure 58 • Time dispersion vs. driit field for sense wire 2 and 3. Jn the insert the driit velocitv 
u a function of the electric field ior the MARK II gas is shown · 

few percent. In the following time dispersion always refers to the first 903 of the 
electrons collected. 

The fact that some of the sense wires in the 00 geometry do not see a symmetrical 
surrounding can also be seen in the time dispersion. Looking at Fig. [59] the curves 
are not quite symmetric for x to the left or x to the right of the sense \\'ire. This is 
particularly true for the edge sense wire and to some degree true for 52. _ 

Fig. j61; is a summary of the time dispersion. Shown are plots for sense wires 
l to 3 of the time dispersion as a function of drift distances for different potentials 
of the senK wires. 52 and 53 sho\\· a basically fiat behaviour, that changes only 
very little with either drift distances or sense wire potential. Sl has a little more 
structure at a slightly higher le,·el, but stin acceptable. The different behaviour of 
Sl can he anderstood beaaae of the wider gap ( 7.1 compared to 6 mm for Sl ) and 
the closeness of the wall. . ... · '· · - :-_ . . . . 

,, 

-.- In no cue, however, does the time dispersion rise above 25 ns, usually being less 
than 20 ns. This is below the normal rise time of a chamber pulse, which is around 
30 to 40 ns. However, as was pointed out above, due to the statistical nature of the 
deposition of the charges along the track of the particle pas~ing through the chamber 

·. 
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Fipre 59 • Time of arrival of the elect.rou starting uom different coordinates across the chamber 
••· their 1tarting coordinate . 

large time dispersion will introduce largely fluctuating contributions to the rise time 
and should be avoided. 
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Figure 80 • TotaJ time dispersion vs. percentage of electrons having arrived within this time 

9.5. The Drift Field 

9.5.1. Determination of the operating point 

EYery drift chamber of finite cell size has to li\"e with distortions of the drift 
field close to the edges of the cell. This effect is particularly pronounced for the 00 

--£!!amber, since the walls are solid and insulating. -- ' 

Two effects are obaerved: I!no counter measures are taken, regardless of whether 
the chamber walls are solid or made of wires, the field close to the edges is going 
to be distorted. Ionization produced anywhere close to the walls is either going to 
be lost completely or will at least be mismeasured to some degree. Distortions of · 
the field will also produce changes in the drift velocity in these region with resulting 
changes in drift tiina and pulse slaapes. JI~ like in the D0 chamber, the walls are 
made of mJid ma.teri&ls wit• exposed insulating surl'aces, charges can be deposited 
on those surfaces and change the_ fie!d in a .. dynamic", time dependent, fashion. The 
larger \be' n.\.e oi pTimary-10Iiization in the chamber volume, the more charge will 
l.c present in the drift region and the more of it will be deposited on the wa11. This 

• 
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~ill change the field configuration which in turn will change the rate at which charge 
gets deposited on the v•all. One gets a feedback mechanism which will either reach 
an equilibrium alter some time or ca.use a breakdown Qf the c.hamber. Either way the 
normal funct'ioning of the chamber will be impaired. 

To alleviate these problems the chamber has to be designed in such a way that, 
electrostatically, the walls "do not exist". This is of course an idealized prescription ( 
and a rather impossible one to achieve), but it describes the basic idea. The potential 
distribution and the charge buildup on the walls of the cell have to be controlled in a 
way that does not disturb the ideal drift field that one \\"ould have if the chamber was 
a.ctoally infinitely wide \\;th no walls or edges. If this potential can be applied to the 
wall, the drift field will be essentially undisturbed up to very close to the wall. In the 
following the solution employed in the 00 chamber will be described together with a 
procedure to arrive at a set of operating conditions for different chamber parameters 
like gain of the wire~ drift field, etc. 

As mentioned before the walls of the 00 chamber are constructed of a light 
composite material with the outer skin made of Kapton foil. To fix the potentials 
on this (insulating) foil conductive lines are printed onto them. The center to center 
distance bt>tween the Jines is 0.1 ", and they are 40/1000~ wide. A resistive divider 
applies a potential to every line so that the potential distribution simulates the one 
seen in an infinitely wide chamber at the equivalent position as closely as possible. 

Unfortunately this can only be done approximately. The potential will be steplike 
as opposed to the smooth behaviour in the ideal chamber. Also in between the lines 
strips of Kapton are exposed presenting the danger of charge being deposited there. 
Originally it was hoped that the application of a slightly conducth·e epoxy to the wall 
covering these open Kapton strips would solve this problem and allow the charge to 
dissipate. However no reliable and reproducible coating could be produced. All tested 
coatings would start out to be conductive in the right range, but would gradually 
increase in resistance after exposure to dry gas for some time and finally end up 
being nearly as insulating as Kapton. The use of these epoxies was consequently 
abandoned. 

The process of establishing a working set of voltages proceeds as follows: 

The first step is to establish the size of the drift field. In the case of MARK II gas 
{ see Fig. [62~ for \i-E curve) the field is chosen to be around 620 V/cm. This 
places the drift field just past the maximum on a part of the curve with a negative 
slope. This negative 'Slope helps in focussing the electrons and decreasing the time 
dispersion. 

Sense wire a.nd cathode voltages are set to produce the intended drift field and 
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Figure 82 • Drift field vs. drift velocity fot Mark II gas 

gain respectively. Both are interconnected somewhat- changing the drift field will 
change the gain and vice versa. The gain is determined experimentally by using test 
chambers. Once the charge to achieve a specific gain is known the program is used 
to determine the appropriate set of sense and cathode voltages to get both drift field 
and gain correct. 

The.Jut step is to find the correct potential for the central strip. As discussed 
earlier the central strip is the field shaping strip which is located directly under the 
edge s~se wire, right on top of the delay line. This strip is the end of the voltage 
divider, which grades the potential down starting from the cathode voltage. 

A rather good approximation for this potential may be obtained in the following 
way. First one plots the potential in the midd)e of the chamber away from any wall 
effect along a straight line starting in the middle between two sense wires in a direction 
along the drift fie)d, perpendicular to the wire pJane. The resulting plot is shown in 
Fig. (63] • A straight line is fitted to the potential for z > 0.4c:m. The intersect 
of this straight line with the sense wire plane is calculated and the resulting value is 
used as the first order strip voltage. 

The final set o{ voltages is obtained by repeating the described steps, until a 
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Figure 83 . Calculated potential along a line perpendicular to the wire plane starting in the 
miadle between two sense •·ues, vs. distance from the sense wire plane. 

decent field map is obtained for an acceptable set of charges on the sense wires. The 
final set also has to satisfy the stability criteria for the '\\;re and the other points 
discussed in the chapter on the electrostatics of the chamber. 

It should be noted that changing any of the cham her parameters, e.g. the gain ra
tio between oufer and inner sense wires, changes all the other parameter and requires 
a new optimization o{ them. 

9.S.2. Th~ Behaviour of the Drift field 

Fig. [64] sho'\\· a series of drift plots, where the strip voltage was varied while all 
the other volt.ages were kept constant. The sense wire voltages were the "standard" 
setting-s from the summer '88 cosmic ray test: 

V Sin = 1.45k l' 

l' Sout = 1.58k F 

"~h = - 4.2ki' 

The maximum drift. distance was the one for layer 3 in the chamber: d = 7.079cm. 
The plots start '\\"ith Vatrip = O.OOlc \! and end at \.~trip = 0.65k l ·. The main e:ffect 
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of this is to tilt the drift field of the outer wires away or towards the wall. For 
\'.trip = 0.00k-~ the field _of sense wire #2 is tilted quite heavily towards the wall at 
large drjft distanc~- Th.is considerably reduces the amount of charge that will end 
up on wire # 1. For 1i11F drift ciistancu only about l / 4 of the normal charge will 
be collected by wize #1, the rest will end up on wire #2- The field for wire #3 is 
still slightly deformed. The situation is just the opposite for VitT"ip = 0.65/c't". Here 
the fie)d tilts away from the wall for large drift distances and compresses the space 
a\·ailable to the drift lines which will end up on wire #2. The gap of wire #1 collects 
now a disproportionally large part of the primary ionization, however a sizable part of 
that charge will not end up on the wire, but gets pulled into the wall of the chamber. 

The optimum drift field seems to be around V.i"iP = 3501-,', which is in agreement 
-with the previously shown number. 

Fig. [65] shows a set of drift maps for constant wire and strip voltage, but 
changing cathode voltage. The cathode voltage is changed from its nominal value 
of -4.2 kV to -lOkV. The overall pattern of the field remains unchanged, but around 
\~ath = -6.00kF the charge on the potential wires changes sign and drift lines ends 
up on them. At l~ath = -lOkV a sizeable number of the drift lines end up on 
the outermost potential wire. In order to retrieve these lines the potential on the 
sense wires has to be increased with a corresponding increase of the charge difference 
b~tween the sense and the potential wires, which eventually will result in a breakdown 
of the chamber. 

In addition the equal time lines ( spaced at 30.0 ns on each of these plots) are consid
erably more curved in the -lOkV setting than they are in the nominal setting. This 
is also a consequence of the now positively charged potential wires, which loose their 
focussing ability. 

9.6. Summary 

A drift cdl -.rith 7 sense wires and 14 potential wires was selected for the final 
DO drift cell. The 5 inner sense wires are spaced by 6 mm, with 2 potential wires 
in between each pair. The potential wires are arranged in two rows ±1.5mm off the 
sense wires plane. The 2 edge sense wires are 7.l mm away from the next sense wire, 
\\'ith 3 potential wires in between. The sarface of the shelves is 3 mm from the first 
and last sense wire. Elcctrosta.tic simulations indicate that a geometry like thls is 
mechanically stable. for -wire tensions well below the elastic limits of the wires. It 
is-·possible to find a suitable set of operating voltages so that the drift map shows 
only very little distortion close to the edges of the chamber. The chosen drift field 
minimizes the time dispersion a.nd results in the proper gain for the sense wires. The 
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--.-

Electrostatic Simulation of the Chamber 

geometry of the edge wires is such that small mechanical displacements of the walls 
do not lead to catastrophic consequences for gain or drift field. 
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10. Early beam tests 

10.1. Introduction 

During the design and construction phase of the central drift chamber two major 
test beam efforts were undertaken. During the spring and early summer of 1985 
two early prototypes were tested in a beam at the Alternating Gradient Synchroton 
at the Brookhaven National Lab. The chambers tested were close to the final cell 
configuration, but were made from different materials using methods different from 
the eventually adopted ones. In June of 1986 a larger effort cncompassing a large 
part of the collaboration took place, in which a prototype of the Vertex Chamber 
and a larger prototype of the central chamber were tested. The so called TC5 CDC 
prototype was a close approximation of a two module piece of the final chamber, 
however with only two layers and flattened out. 

The goals of both tests were to gain a basic understanding of the proposed cell 
design, measure its characteristic behaviour and gain some insight into the influence 
of the readout electronics on the results. In the following a short summary of the 
two tests is presented. ~o details of the analysis are discussed, they can be found in ..,,_, 
[ 45 ], [ 46 ] ,[ 4 7 ] • 

10.2. The Spring 1985 BNL test 

The 1985 Testbeam took place in the A2 testbeam at the Alternating Gradient 
Synchroton at the Brookhaven National Laboratory on Long Island. A momentum 

·separated secondary beam of 0.8 to about 5 GeV of mostly pions and protons with 
some electrons was used. Following a lead collimator with an opening of lxl" and two 
gas filled-Cerenkov Counters the chambers were mounted on a remotely movable table. 
A lead glass calorimeter was mounted behind the chamber allowing the identification 
of electrons in the beam. A number of scintillation counters provided a beam trigger 
and a time of flight system to distinguish pions from protons at 800 Me V. 

The moving table was controlled from the counting house and could position the 
chamber in two directions perpendicular to the beam axis. A digitizer provided an 
accurate readout of the chamber position. 

Two chambers were tested in this setup. Both were single cell prototypes of 1.50 
m length- the at this time current length of the 00 chamber. They were equipped 
with 8 sense wires and two delay lines each. The chambers were different in the 
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~padng of the sense wires (2.5 and 3 mm respectively) and in the way the delay lines 
were surrounded by the field cage. Cases with and without central strip did exist. 

Different to the final 00 design the sense wires in either cell were separated by 
one potential wire only. Also no extra steps were taken to insulate wires 1 and 8 
specially to minimize the crosstalk and to maximize the delay line signal. 

Two types of runs were taken. l\:fost runs were done with the beam energy set to 
4 GeV, close to the maximal energy of the beam. In this setting intrinsic chamber 
parameters like resolution were measured. A number of runs were taken at 800 GeV 
however. At this energy, the smallest energy at which the beam was stable, it was 
possible to separate the beam into protons, pions or electrons and trigger on them 
individually. These data were used for studying the dE /dz behaviour of the chamber. 

The readout electronics consisted of a Fujistu preamp, followed by a shaping am
plifier( which did minimum shaping, essentially only compensating for cable losses), 
a LeCroy lOX photo multiplier amplifier and a LeCroy 100 MHz \\"ave form digitizer. 

10.2.1. Resolution of the chamber 
.. 

The resolution of the sense wires \\'as determined from a set of three sense wires. 
The time measured on the two neighbour wires was compared to the time of the 
central wire. The sigma of the resulting distribution is called the intrinsic resolution 
of the wire: 

t.. ... 1 - t..-1 
u = u( - t..) 

2 (10 - 1) 

To convert the timing resolution into a spatial resolution the drift velocity has to be 
measured. This was done using the movable table, moving the cham her by a known 
amount~ measuring the drift time difference, and converting this into a velocity. From 
a least square fit_ to the data a ,·alue of v = 32.5µm/ns for PIO gas (103 Methane, 
903 Argon) was found. 

A fit to the measured resolution as a function of drift distance x with 

(10 - 2) 

yields for the parameters a and b ( from [461): 

c = 44 .::: ?-tf.Ul'I 

b = 112 ± 4µm/ ../cm (10 - 3) 

For ~ae-wires at the edge of the chamber the resolution was found to be worse by 
- about 113. 
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For the delay lines the difference in time measured on the right side of the chamber-- -
and on the left side of the chamber is a measure of the z-position. The width of the 
distribution is the intrinsic resolution of the line. 

(10 - 4) 

For the delay line this approach using single particle can be used, because contribution 
to the <1' due to the width of the beam was small compared to the resolution of the 
line itself. This is not the case for the sense wires. 

For one line which had no resistive strip on top a resolution of <T = 2.5mm was 
found, for the other line, which had a lk!l/o line on top the resolution was somewhat 
worse with 3.Jmm. 

10.2.2. dE / d:& performance 

Since the 00 detector has no central magnetic field one of the purposes of the 
drift chamber is to help in the separation of single electrons from overlapping double 
electrons. The later one "·ill be produced mostly by conversions in the chamber 
material. This differentiation will be made by measuring the specific ionization of 
& track and comparing it to the one of a minimum ionizing particle (MIP). Since 
the test chambers had only one cell four consecutive events were overlaid in software 
to simulate a multi cell event. It was found, that at a 953 confidence level the 21r 
contamination in the l 'lt' sample is less than 13. 

10.2.3. Two particle separation 

An attempt was made to measure the two particle resolution of the chamber 
again using simulated events. Single hit data were overlaid and shifted in time to 
model a double hit event. and then passed through the hit finder~ For lOOMhz Shit 
digitization the efficiency to find a second hit drops below 903 at 2mm separation-_ 
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10.2.4. Resolution with reduc~d SBD'lpling rate and reduced digitization 
accuracy 

To understand more about. the digitization process and the needed accuracies 
etc. a number of tests were ma.de with analyzing data with reduced digitization rates 
and accuracies. The following table summarizes the requirements for the different 
performance criteria: 

nominal resolution deteriorates at. 
value frequency accuracy 

Sense wires 120µm 60 MHz 6bit 
Delay lines 2.5 mm 80 l\fHz 8 bit 

2 particle sep. 2mm 80 MHz 8 bit 

Table 1 
Table showing the nominal values for resolution, dE /dz and 2 particle separation and the 

frequencies and digitization accuracies required to achieve this performance. 

10.3. The June 1986 BNL test 

,,--._ . 
During June of 1986 a second beam test effort was undertaken in wruch a proto-

type of the CDC was tested. Trus time a larger part of the collaboration participated. 
Besides the chamber this test was meant to be a system test for the 00 data aqui
sition system and online software. For this a first version of the level 2 svstem was 
installed. Chambers tested were a new CDC prototype and a test chamber of the 
vertex detector. The setup was very similar to the one described for the previous test 
beam. It took place using the same beam with a very similar triggering system. This 
time:_ no lead glass Cerenkov calorimeter was present because of other experiments 
downstream from the 00 setup. For the CDC the goals of trus test were twofold. 
The results from the last year test beam were to be confirmed, if possible, and sup
plemented on some points. More important though the overall performance of the 
new prototype called TC5 was to be tested. This was a very important milestone, 
because TC5 was the first chamber built of the same materials as the :final chamber 
would be, and which was geometrically vcrr close to the real chamber. The per
formance of TC5 was hoped t.o give a good indication bow the 00 ch~ber would 
eventually perform: including questions like aging, stability eic .. 

TC~ was a "flat" version o( the final chamber. It consisted of the equivalent 
of two modules, each haring two layers. Two complete cells were formed by this 
configuration! with four delay lines. The cells were constructed using a: fiat version of 
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the Rohacell-Kevlar-Epoxy-Kapton sandwich described in the section on construction 
of the chamber. The overall mechanical layout was the same as it is used in the big 
chamber. The tension of the wires was supported by the Al- frame, but the endplugs 
which are positioning the individual wires were also used to key in the two module 
and position them relative to the Al- frame. The field shaping cage was made by 
printing resistive lines onto the surfaces of the shelves. The wires were pulled up to 
the correct potential by a surface mounted resistor strip mounted inside the chamber 
on the surface of the shelf. The wire arrangements inside a cell were slightly different 
from the final cell. Every sense wire was separated from its neighbours by 2 potential 
wires. The potential wires were offset out of the plane by half the distance between 
neighbour sense wires. The edge sense wire was treated in the same way as the other 
\\'ires, with two potential wires separating it from the next wire. The distance from 
the edge wire to the surface of the shelf was a little bit larger than half the distance 
between neighbour sense wires. 

The results of the test were mostly compatible with the earlier beam test. The 
sense wires resolution was found to be around 125µm at 1 cm, increasing like y'; 
with the drift distance. Close to the sense wires the resolution increases again due to 
field imperfections. dE / dx resolution for separation of 1 ?r events from 2?r is similar 
to the one measured before. The contamination of 2;r events in a 1 ?r sample is below 
13 for the 653 truncated mean. "'-" 

The main difference between this and the earlier beam test was found in the delay 
lines. The resolution of the lines \\"as found to be 3.4, 4.0 and 4.0 mm for DLI, DL3 
and DL4 respecth-ely. One sense wire which \\'as driving the fourth delay line was 
not functioning properly. This is somewhat worse than the previous number. 2.5mm 
was found there to be the intrinsic resolution. The reason for the deterioration was 
determined to be the resistive strip on top of the delay lines in connection with the 
contribution from the strips on the cathode. In this chamber for the first time more 
than one layers of cells were used, with cathodes mounted very close to the delay 
lines. Tlie resistivity of both types of lines was chosen to be a few kD./o. This turned 
out to be too low and worsened the resolution considerably. Another contribution 
to the resolution was a non negligible crosstalk from the second sense wire onto the 
delay line. The ratio pulse induced from SJ onto delay line /pulse induced from 52 

onto dday line was measured to be only 4. This tends to smear out the pulse on 
the delay line and worsen therefore the resolution. These results triggered a careful 
redesign of the cell geometry, which is described elsewhere. 

10.3.1. Conclusion 

. __ .....,, 
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The first full scale beam test of a D0 drift chamber prototype took place at the 

BNL alternate gradient synchroton. Data. collected there were used to establish the 
basic performance parameters of the- proposed cell. It was found that the chamber 
performed within specifications. Spatial resolutions of better than 200µm. in drift and 
2.Smm iIJ z were obtained. 

The second beam test supported the results achieved in the first test. The cham
ber performed reliably and without major problems, proving that the method of 
construction and the materials used are compatible wHh use in a drift chamber. 
Problems in the design were found with the way the outer sense wires drive the delay 
lines and with the shielding between the inner and the outer sense wires. 
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11. The Premod - the cosmic ray tests 

During the 1986 00 summer workshop it was recommended to the CDC group to 
construct a chamber using 103 of the finished parts from the whole chamber produc
tion and test this chamber thoroughly. Although a lot of test data did exist at this 
point as described in the chapter on early bea.m tests, and although the performance 
data of the chamber were quite well established, it wa.s felt that the methods used 
in the construction of the chamber were sufficiently novel and untested to warrant a 
full scale system test. Besides once more confirming the basic performance data for 
the chamber this test was geared towards better understanding questions of stability 
of the chamber, operating parameters and, last but not least, to actually see and 
experience the little details in constructing a complicated object like the CDC. 

During the following month a test chamber called Premod was built at Stony 
Brook. The premod consists of three final modules- modules which have been taken 
out of the production line- put into a specially built Aluminum drum and equipped 
with a nearly finalized version of the electronics. This· chamber was used in two 
major tests: During the summer of 1988 a series of detailed cosmic ray studies were 
undertaken. In the fall of 1988 the chamber was shipped to the Fermi National 
Accelerator Laboratory and installed in the 00 interaction hall at close to the final 
chamber position. During the winter and spring of 1989 data were taken at Fermi Lab 
using the Tevatron Proton Antiproton collider and the D0 data acquisition system. 
In the- following the chamber, the cosmic test setup and test results and the D0 Hall 
test will be described. 

11.1. Premod: The chamber 

The premod test chamber is made up from three standard CDC modules. They 
are held in an Aluminum drum with two removable end plates. Exactly as in the final 
chamber. the end plates are machined to receive the oval end plugs from the modules. 
An "0"-ring seals the drum against the atmosphere. Once the modules are inserted 
the tension of the sense- and potential wires is transferred onto the Al- drum with 
the help of little bridges as described in the section on the construction of the CDC. 
Fig. [66J shows a cross section of the premod. In each layer two cells are complete, 
and one cell is incomplete. Since adjacent layers are staggered these incomplete cells 
are alternating on the right and on the left side of the chamber. This means that 
they overlap with complete cells. Track reconstruction in these edge region might be 
problematic, if the field is highly distorted. However no evidence was found that this 
is the case. ln the following the full 28.625° opening angle of the chamber, which 
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• Fig_ure 88 • Cross seciional vie"· of the Prc:mc•d with the outline o{ the three modules. Clearly 
·visible are the "unfinished" cells on either side of the chamber.Fully useable are only the eight inner 
cells. 

includes the inner half of the incomplete cells, are used. 

The construction details are exactly the same as for the full chamber. The only 
difference is iii the way the gas flows through the chamber. Since the three modules 
were put into a round drum, there are large spaces above and, to a lesser extent, 
below the modules. Ga.s flowing into the space between the Al· end plate and the 
GIO end plate from the top will see a Io..,.- impedance for a path bypassing the actual 
chamber. This path is much less important in the reaJ CDC because the modules 
arc fitted inside the ring of outer shell and inner sheJI. For the prcmod that has the 
consequence that for the same :flow rate the exchange of gas in t.hc actual cham bcr 
volume is slower, so tha.t the chiJnber has to be operated at a higher flow rate. 
Typicaily 0.5 I/min were used for the premod. For comparison the CDC during its 
cosmic tests at Stoa:r BJ"ook opuaud &i typically 1.5 l/min for 32 modules without 
problems. 

-
Cc.uutruc.tion of the Premod wa5 started in the late winter of 1987. At this time 

the t.ech.uiques for mofding the shelves etc were more or less established. A first set 
of moci"1cs "·ere inserted into the chamber in Mu· of 1987 and the chamber was . , 
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operated successfully during the summer and fall of the same year. In late 1987 !?" 
was discovered that the chamber became unstable under high currents- currents of 
the order of 10 times the nominal 00 currents. As the most likely explanation of this 
effect the above mentioned Malter effect was eventually identified. A high resistivity 
coating which was used on the walls of the early modules to help dissipate static 
charges is thought to be the source of these breakdowns. The resistive layer on top of 
the electrodes would charge up and the charge would not be able to leak through to the 
electrode fast enough under sufficiently high currents. A high charge built-up on the 
electrode occurred and at some point a breakdown happened. This breakdown freed 
a few electrons which drifted to the anode wire and started another avalanche, which 
in turn increased the charge on the resistive layer. A positive feedback mechanism 
was established and the chamber broke down. Only after removing the HV entirely 
would the cham her recover. 

This discovery led to the abandoning of the coating for all the production modules. 
The modules in the premod were exchanged against good ones in early 1988. After 
this the chamber performed without problems under high currents. In the section 
on the analysis of the test data implications due to the removal of the coating are 
discussed. 

The electronics used to instrument the premod was very close to the final version. 
On the readout side of the chamber boards with sense wire amplifiers serving one 
module or 28 wires alternate with delay line amplifier boards serving 8 delay line:._, 
each. Signals are brought to the outer radius of the chamber and flat coaxial cables 
carry them on towards the outside. On the HV side every second board is a delay line 
amplifier board of the same type as used on the readout side. In between GlO boards 
distribute the HV to the sense wires and the central strips. The cathode voltages are 
distributed \\·ith thin teflon insulated HV cable directly to the HV feed through in 
the end plate. 

11.2. The cosmic ray test setup 

For the cosmic ray test a simple test station was built at Stony Brook. It consisted 
of a trigger formed by three scintilation counters, a Fast bus based FADC system (the 
system used for the June 1986 test beam) and a PDP 11/24 mini computer. The 
PDP read out the data from the FADC, simulated the zero suppress circuit and sent 
the suppressed data on towards a VAX 11 /780, where they were stored and analyzed. 

The trigger was made up of three 1.8 m long 10 cm. wide scintillation counters. 
One was mounted on top of the chamber, one directly below and IU\Cth~r one about 
one meter below the chamber. 15cm of Iron provided a momentum filterrn front of 
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the last counter. For a trigger a coincidence of all three counters was required. The 
trigger time was set by the middle counters, which was closest to the active chamber 
volume. .. ,:,: 

The analog 5ignals from the preamps were brought via thin coaxial cables to a 
set of 00 shapers. Theses shapers were an early version of the later used model, 
with many fewer features. They were set up to do basically no shaping but to simply 
compensate for the distortions of the signals due to the cables. From the shapers 
the signals were routed to the FADC, where they were digitized and then sent on to 
the PDPll/24. This version of the FADC did not have a zero suppression chip nor 
a bilinear response. On the PDPI 1/24 the missing zero suppress chip was simulated 
in software and the suppressed data were sent to the VAX 11/780 via a fast parallel 
link. There the data were stored and analyzed. 

11.3. The Cosmic ray data 

The data presented in this section were taken during the summer of 1988 using 
the cosmic ray setup at Stony Brook (see also [ 48 ]). Questions addressed in this 
analysis were: 

- Efficiency of the chamber 

- Resolution in the drift coordinate and in z and uniformity of the resolution along 
the drift distance and along z. 

- stability of t.o and \"elocity with time and with changing gas mixtures. 

11.3.1. Efficiency of the chamber 

A number of effects contribute to inefficiencies in a drift chamber. 

· Loss of charge along the drift direction. A large loss of charge will decrease the 
efficiency of the chamber. 

• Inefficient hit finding. Bits might be missed because the hit finding algorithm is 
not optimized, beea.use the Hv is set wrongly or because of poor internal chamber 
alignment. 

In the follo~·ing each of the above eff'«ts v.ill be discussed in detail. 

Loss of charge along drift and z 

-- Two-different sets of modules were tested in cosmic rays. They differed in the 
treatment of the walls within a cell. For the early set the walls were covered with 
a thin layer of an antistatic epoxy. For the reasons outlined above this epoxy made 
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PULSE AREA VS ORIF'T DISTANCE 
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Figure 87 . Charge on the sense wire as a iunction o! drift distance {or an old module with walls 
coated with antistat.tc epoxy 

the chamber unstable under high currents and was abandoned for the later mod~. 
Fig. !67] shows the charge as a function of drift distance for the early set of modules. 
The distributions are Bat, no significant loss of charge is observed. Fig. [68] shows the 
same plot but for one of the new modules. The operating conditions are the same as 
for the previous plot ( l:._, = 1450V, l~•-• = 15501', l;.,. = -4200ll, l=c•i" = 2201/. 
). A dramatic drop of the charge with drift distance for the outer wires is observed. 
The i~ner wires remain fiat. Fig. [69] sho\\•s a drift plot for this setting. A number 
of lines from the edge sense wire end up on the wall of the chamber. This affects the 
1ignal on this wires in two ways. With increasing distance from the anode the width 
over which charge from a track '\\;ll be collected on the outer wire decreases. For the 
field configuration shown in Fig. [69] this is a 153 effect for 6.8cm of drift. Secondly 
some part of the ion charge will be deposited on the walls instead of drifting towards 
the cathode. It is possible that this charge interacts with the drifting electrons and 
reduces the amount of charge arriving on the sense wires. 

These .measurements show that for the chosen operating conditions the loss of 
charge is connected to the deposition of ion charge on the walls of the chamber. The 
antistatic coat used in early modules prevented this problem, but it can not be used 

--
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Figure 68 • Pulse area vs. drift distance for layer 0 of module 1 

for other reasons discussed abo\'e. An alternati,·e solution is to change the field in 
the chamber in a way that no or as few as possible drift Jines end on \\•alls. This can 
be achieved by changing the potential of the central strip. Changing this potential 
will change the charge on each field shaping strip and, depending on the sign, tilt the 
field towards or away from the wall. The second plot in Fig. [69} shows the resulting 
drift field for a central strip voltage of 350 V. The effect on the drift Jines in the outer 
gap i5 dearly visible, no more lines end on the wall. 350 V might actually be a slight 
over compensation, since the field lines for the outer wire are now tilted away from 
the v:all, compres~ing the lines for the next wire. In Fig. [70] the resulting pulse 
area vs. drift distance plots are shown. They are much more similar between the 
outer and the inner wires, with all dropping around 53 over the full drift distance. 
Table l lists the exact numbers before and after the corrected potentials: 

Using the adjusted potentials for the central strip the charge distribution on the 
outer sense wires as a fundion of .s wu measured. This js an equally important 
disuibntion &ecause a non Bat response here will introduce region of possibly lower 
efficiency in.,z aid will infiuence the delay line signal. Fig. [71] shows the plot for 

-th• inner module in the prcmod. The response is basically flat for all wires. Some 
structure may be present at either end of each line, which can be understood because 
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Figure 69 • Drift Lines for the chamber settings used to calculate the loss of charge presente ~ 
taDle 1. The left plot shows the lines for a strip voltage of 290 V, the right one for 350 V -.., 

of effects close at the end of the chamber. 

These data show that the loss of charge with drift distance observed in some cos
mic ray data are mostly due to improper settings of the potentials on the electrodes, 
in particular on the central strip. Tllls stresses a.gain the need for a careful optimiza
tion of the chamber voltages as described in the section on the electrostatics of_ the_ 
chamber. No evidence for attachment has been observed. 

Hit finder related effects on the efficiency 

Software plays in importa.nt role in the determination of efficiencies. The variables 
used in the pulse finding have to be close to optimum in order not to influence the 
efficiency. Closely related to the efficiency of the pulse finder is the correct high 
voltage on the sense wires. Too low a voltage might let some pulses disappear into 
the noise and lower the efficiency u well. 

Efficiency in the following is defined as the ratio 

E = # of hits on a track 
# of expected hits on the track 

Only full tracks were used to calculate efficiencies. 
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. Figure 70 • Pulse area versus drift distance for the strip voltage raised to 3SOV 

I 
Wire# drop over tT/3 drop over tr/% 

drift distance /3 drift distance 
before correction after correction 

0 -40.4 ±2.6 -3.8 ::1.4 
l 4.0 ±1.6 -5.4 ±1.4 
2 7.2 ±2.2 -6.8 ±1.4 
3 7.J ±2.2 -4.9 ±1.S 
4 

.. 
4.2 ±2.1 -3.4 ±l.4 

s 0.6 ±2.3 -5.8 ±l.4 
6 -34.3 ±2.4 -1.4 ±1.2 

Tablel 
Drop in ch.vg~ seen by ah.- ~eftlrt •DR ..Va in layer 0 before and after the central strip potential 
was corrected. 

~-..._.-. 

Fig. [72; shows efficiencies on the sense wires of layer 0 as a function of different 
high vo1t~ges. Fig. [73; shows the same plot for two different threshold settings. 
For the setting with Thres1=3, Thres2=9 and Thres3=9 FADC counts the plateau 
is reached the earliest at 1.4 kV for inner and outer wires. 

-
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Figure Tl • Charge on the outer wires vs. 1 .,.,,,., 
Fig. '.74] shows sense wire efficiencies if one uses the optimum settings obtained 

above. It was required that 4 segment tracks art" present for a full track to ~e formed. 

The efficiency is basically fiat within the four layers of the chamber. No· wire is 
particularly ba.d or good. Som~ variations from ~-ire to wire might be due to a not 
ideal alignment :file. The average efficiency for the 4-segment track is 94 ± 23. 
Conclusions 

After optimizing the High Voltage of the chamber and the threshold parameters 
in the hit finding routine and after setting up the drift field in a "·ay to minimize the 
loss of charge with drift distance a single wire efficiency of 943 is obtained. There 
a a number of reasons which might contribute to an efficiency lower than 100%: A 
finite noise level will make the hit :finder miss some small pulses even in the optimized 
settings. In events with more than one track, e.g. due to conversions, the pulse finder 
might not correctly separate the two hits and might miss or mismeasure a hlt which 
other'-\·isc would participate in a track. 

11.3.2. Resolution and residuals for sense wires 

The single wire resolution is defined here as thf' "·idth of the distribution of the 
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Figure 12 . Sense wire efficiency as a function o{ the high volt~ge on the wire. The voltage has 
been .. ·aried around the standard setting b~· -33,-23,-13,03,+13,+23,+33. Threshold settings 
are Thresl=5, Thres2=10 and Thr~3= 10 

de,;ations of the measurements of the drift coordinate from the "nominal" coordinate 
obtained from a line fit to the points within one layer. The residuals are defined as 
the average of this distribution. For all these measurements the wire measured was 
included in the tit. This was done to save computer time, because if the wire would not 
be included in the fit, the fitting would have to be repeated for every wire measured. 

The residual· of this same wire is the mean vaJue of this distribution. 'While the 
width is a quantity that is mostly inherent to the chamber- a measure of diffusion, 
ion statistics and unifomUty of the drift field, to just mention the most important 
co.ntributio:ns-, the residuals are a mixture of external and internal inBuences. A bad 
drift field. besides increuing lhc tcsolution, mighi .!so introduce a non zero resid
ual. More proba.bie- thougn a. wrong le oz a wrong drift -..docity will shift the points 
systemtttia.ily and produce non vanishing residua.Is. Two effects on the residuals can 
be dis1ioguished: An overall wrong t.o will move the residu&1 up or down independent 
of the drift distance. A wrong drift velocity will introduce a slope on the residuals. 
Probfems with the drift field however will put some structure on the residuals as will 
a nonuniform drift velocity. 
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Figure 14 • sense wire efficiencies for all 4 layers in the chamber. 4 segment tracks are required 
to form a full track 

Qb,;ously the measured resolution depends on the hit finding algorithm used. In 
determining the time each difference between adjacent bins of a cluster which has 
been recognized as belonging to a pulse is weighted \\·ith a fixed factor times the bin 
number. and the time is computed as the center of gravity of the positive part of the 
difference pulse: 

· ""'N i-lD( ") . 
L.i::I W Z • & 

T = r:,.N wi-1 D(i) (11 - 1) 

where D(i) = D(i + 1)- D(i) is the difference between adjacent FADC bins, and N is 
the number of positive differences in the pulse. Fig. [75J and Fig. [76] show how 
the residuals and the sigma. of the residua.ls depend on this weight. Both show clear 
flattening out for a weight larger t.ban about 1.1. The sigma of the residuals actually 
display a minimum. A ven.ging the minimum positions one finds a weight of 1.2 to 

-he optimal. In the following all times have been measured with a pulse weight of 1.2. 
Fig. (77] shows the resolution as a function of the drift distance for the wires in 

layer 0. As expected the resolution rises with increasing drift distance. A fit of the 
function 

(11 - 2) 

• 
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Fipre 75 • Average residuals {or the innermost wire in each )aver as a {unction or'the pulse wejght 
applied in the hit finding · 

gives 
a= 68µ.m/..jcm 

b = 108µm 
(11 - 3) 

A is a measure of the diffusion, b o{ the intrinsic resolution o{ the chamber. Close 
to the sense wires the resolution worsens because of fidd inhomogeneities. At a drift 
distance of 3 cm the average resolution of a single wire within a segment track is 
about l70µm. 

Fig. '.78] shows, for the same data as the previous plot, the resolution as a 
function of the drift distance, but this time derived from full tracks. The resolution 
on the inner wires became flatter with drift distance, but increased slightly. The 
average resolution at 3 cm is now about 200µ.m. The flattening out of the resolution 
curve is an indication that other effects external to the chamber start to dominate 
the accuracy "-ith which a track can be fitted. In particular critical is the alignment 
from layer to layer. Bad alignment here refers to a not ideal set ol I.o's or a wrong 
velocity. In particular a wrong velocity will make a good track :fit for all drift distances -
impossible. · 

Looking at the residuals one sees the same effect there. In Fig. [79J the residuals 



I 
f r 
f 

The Premod - the cosmic ray tests ·- ....... ·-···· - - .. ·-· ... - .... ·- .. 
S16"A OF _R§SIDU~LS VS PULSE WE IGtlT • 3 

•10 <110-------. -32 

28 • 
24 
20 

us 
12 

• 
• • • • • f 

................................................. 
0 0.1 l.tl 

• !1AY 0 VIRt 3 
•lO 

40 .....--------, 

38 

32 ' • 

28 

24 

20 

ltl 

12 

• • t 

............................................... 
0 0.1 l.tl 

UY 2 VIRt 3 

•10 
40 ....--------, 

30 

n • 
28 f 

24 
20 ••• , 

18 

12 ................................................ 
0 o.a I. ti 

• ~y I VIRE 3 
•to 

40 ...--------, 

30 

32 

28 

24 

20 

ltl 

12 

0 

• t f 
••• 

o.a • • ti ---· 
LAJ 3 VIRE 3 

145 

Figure 78 • Sigma of \he residuals for the innermost sense wire in each layer as a function of the 
-pufse wPight applied in the hit finding 

for a segment fit to the ''"'ires in layer 0 are shown. They are centered around z~ro, 
but show some definite structure. The peak to peak variations are below ±lu. It is 
interesting to note that the outer and the inner wires show the opposite behaviour, 
with the second and second to the last wire exhibiting transitional behaviour. While 
the residuals of the inner wires have a negative slope for most of the drift distance, 
the outer wire residuals slope positive in the same region. This is an indication that 
the field for the outer \\-ires is not the same as for the inner ones. 

Fig. [80] shows the same wires, but this time for the case that a ful] track has 
been fitted. The mu:immn deviation from zero is larger by 503 compared to the 
segment track fit supporting.the observation from the resolution measurement that 
the alignment for full tracks is not perfect. 

Other layers and other modules exhibit. similar behaviour with resolution and 
residuals of the amc magnitude.. 

Anotbtt interesting question is how the chamber behaves under large currents. 
__ .In order tc;> study this runs were taken under normal cosmic ray ftuxes and with 

the chamber illuminated by a strong source. The resolution of the sense wire was 
measured in both cases. Fig. [81] shows the results. The resolution remains 

: 
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R~UTION (SEGMENT) VS DRIFT DISTANCE (LAY 0 WIR 2 COS-276) 
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Figure 77 • Resolution of the individual sense wire within one cell (from segment tracks) vs d· · 
distance for layer 0 in module 7 -.,J 

unchanged. 

To summarize it has been shown that the chamber is capable of intrinsic resolu
tions 170µm for 3 cm drift. If a full track fit is done this deteriorates to about 200µm. 
This is due to uncertainties in the ahsolutt> value of the drift velocity, to mechanical 
misalignments, to nonlinearities in the field and to a drift velocity which is not con
stant with drift distance. All these effects make the connection of segment track to 
full trac::ks less precise. "With a better alignment and a more complete understanding 
of the inaccuracies in the chamber it is hoped that this number can he improved to 
narrow the gap or even make it totally disappear. 
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Figure 78 . Resolution of the indi,·idual s<:nse wire derived from full tracks, vs drift distance, for 
layer 0 of modult' 7 

11.3.3. Delay line resolution and residuals 

A careful study was done of the residuals and the resolution of the delay lines 
as a function of z. The resolution is of course of interest because this indicates the 
intrinsic accuracy with which the z coordinate can be measured. It is also a good 
indicatoT whether the newly adopted resistances of the field shaping lines as described 
in the se-ction on the construction of the chamber are in the right range and do not 
interfere with the signals. Fig. [82] shows the resolution of the delay lines in module 
5. They are basicaUy fiat in z with an average value of (2.0 ± 0.2)mm. 

The residuals for the same module an shown in Fig. [83] . Here a clear structure 
in z is visib-Je. T.he chang"'..s in residui.ls along z cue mostly due to inhomogeneities of 
the delay lines along z. These have been measured before the modules are inserted 
into the chamber. Fig. [84] shows the results of these calibration measurements 
for module 5 after they have been processed with a monte carlo to smear them out 
due to the d~fferent angles of tracks passing through the real chamber. Both curves 
show a very similar structure indicating that a correction of the measurements along 
z according to the calibration measurements wiU improve the residuals and possibly 
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Figure 79 • Residuals for the sense wires in layer 0 for a segment track, vs drift distance 
.J 

the reso]ution. 

11.3.4. Stability of the operation of the chamber 

A number of effects influence the stability of the chamber with time. Since the 
pressure and to some extent the temperature of the chamber gas are not indepen
dent of the environment changes of these quantities will change the behaviour of the 
chamber. Another source of uncertainty is the mixture of the gas used. Small im
purities or changes in the composition might change the drift velocity drastically. In 
the following consequences of the later problem will be discussed. 

To measure the influence of the- changing gas mixture on the chamber a long run 
was taken. After some initial data taking to establish a stable starting platform the 
mixture of the gas was changed. The percentage of CO, was reduced from 3% to 2%. 
with the balance taken by Argon. The whole run was taken over 22 hours, with the 
gas flowing at a rate of 1/21/min. With the vo]ume of the premod being 3301 this 
flow rate is equivalent to one volume exchange in lOh. Over the time of the run the 
whole chamber vo]ume will have been exchanged about 2 times, with the gas inside 
the actual drift ce1ls changed at a possib]y somewhat slower rate due to the fact that 
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Figure 80 • Residuals for the sense wires in layer 0 of module 7 for a full track fit 

they are communicating with the main gas volume only through narrow slots. The 
run was subdivided into sub runs with 500 events each. For each part the chamber 
was realigned- that is a new set of t:,s was computed. ~ here is not the normal ~' but 
includes the change of drift velocity: 

< residuals > 
A~=------

&1 .. itr( nominal) 
(11 - 4) 

fig. (SSi shows the resulting ~ distribution. Plotted is the accumulated change in 
to as a function of the event number. The event number is essentially a measure of 
time, except for one lap in time a:roUlld e'fent number 10000, where the data taking 
was interrupted brid'!'. The tirst 5 runs a.re very stable_ After the introduction of the 
ne~ gas mixtu.re the t.1 ata.rt<s to change. Since the velocity is absorbed into a time 
measu.rement, a. raising f.o means a decreasing velocity. After event number 15000 the 
At.o curve flattens out indicating that the gas has changed completely and that the 
chamber is stable again. 

In order to translate the change in ~ into a change of velocity the ~ from the 
beginning of the run were used and the velocity varied, until the apparent offset in ~ 
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Figure 81 • Resolution of sense wire 3 in layer 2 of module 7 with and without illumination ~a 
strong source 

between the original 'IA, and the ones needed to align the chamber with the changed 
velocity were zero. Starting from a velocity of 40µm/n.s it was found that a velocit~· 

v = Vel' * F 

with 
F = 0.865 ± 0.005 

gave th~ best agreement with the starting 'IA, 's. Converting this into a relative cha.nge 
of the velocity due to a 13 decrease in the CDJ concentration one finds: 

Av - = -(13.5 ± 0.5 + 6.5 - 3)% 
v 

where the first error is the statistical error in calculating F, the second one an estimate 
of the error due to the change in HV around event number 13500 and due to the end 

of the run before the flattop was reached completely. This result is compatible with 
the measurement of [ 49 ], where Avjv = -(17 ± 4)% for a -13 change in CO? was 
predicted. To retain an accuracy of 200µm in the chamber the drift time should he 



' . 
t 

"'· 
-~. 
·~ 
··~! . 

. i~ I"""'-
'. "'~ 

·--

The Premod - the cosmic ray testa · '. 15J 

DL RESOLUTION VS Z (RUN276) 
0.35 
0.3 
0.25 
0.2 
0.15 
0.1 
0.05 
0• -eo -40 0 4() 

DL 0-

O.J5 
0.3 

bf.,f tvt11A"\~}i 
0.25 
0.2 
0.15 

ti 0.1 
0.05 
o. 

-80 -40 0 40 80 

DL 1-

0.35 
O.J 

~\ilt\\\¥1#/;\IWjvM/' 0.25 
0.2 
0.15 f · o., 
0.05 
o. -ao -"o 0 "o 80 

DL 2-
0.J5 
0.3 
0.25 

Yil1/,'-1'11WMM~ 0.2 
0.15 
0..1 

o.~ 

o. 
-IO -ca Q .-o ao 

DL 3-

0.35 

GZi 

0.2 
0.1& 
0.1 
0.05 

o. -80 -40 0 40 eo 
DL 0+ 

0.35 
o~ 

~'., .. W;f~trli.i111/fMr) 0.25 
0.2 
0.15 
0.1 
0.05 
o. 

-80 -40 0 40 80 

DL 1+ 

0.35 
o~ 

VW#ll.~"INA\~ 
0.25 
0.2 
0.15 
0.1 
0.05 
0. 

-80 -"o 0 40 80 

DL 2+ 
0.35 
0.3 
~ 

~"'AY/i'il:ttl•W~f 0.2 
0.15 t 
0.1 
~ 

0. -ao -40 0 40 80 

DL 3+ 

Figure 82 • Resolution of the eight delay lines in on" module as a function of z, for module # 5 
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Figure 83 . Residuals ofthe delay lines in the same module as the previous plot (module 5), vs z 
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Figure 85 • Change in at vs event number. The event number is a measure of the time since the .ti 
begjnning of the run. The Rrst step in the curve is due to a gap in time, the second one due to a 
alight change in H\' on the outer wires and the strip. 

stable to better than 5 ns for an average drift distance of 3 cm. This translates into 
a necessary stability of the velocity of Av/v < 0.67%. The concentration of the CO, 
gas has to be kept constant at better than 0.05% of the total gas flow. 

In [49] the change in velocity due to a decrease in the CH .. concentration from 
4 to 3 3 was measured to be -{8 = 3)3. This would translate for the same stability 
requir~ment of to of 5n.s as in the CO, case into a requirement on the stability of the 
concentration of the CH .. of better than 0.083 of the total gas fiow. 

The influence of the environmental factors like pressure, temperature etc. will 
show up in the to's as well. A rough study was done to estimate the size of the effect 
over a long time. Fig. [86] shows a plot of to of one sense wire (wire 2 in layer 
2) measured repeatedly over a period of one month. During this period the module 
read out was changed twice- the first 6 points were taken with module 5, the next 
two ones with module 6 and the remaining ones with module #7. The point to point 
variations are between 5 and 10 ns. It is hoped that a very careful calibration of the 
chamber and a stable gas system will make a stable operation of the chamber over 
longer periods of time possible. It might be necessary to change the overall velocity, 
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Figure 86 • Average t
0 

for wir~ 2 in layer 2 as a function of time. The first 6 points were taken 
with module # 5. the next 2 with #6 and the remaining ones with module 7 

but the hope is that no adjustments of t:,s are needed. 

11.3.5. dE/dx measurements 

Similarly as described for the 1985 BNL test the dE / dx resolution of the chamber 
was m~asured. Again because no real double tra.ck events are available this was done 
by superimposing two consecutive events in software. The ionization of the events 
was measured as the 663 truncated mean of the charge of the hit, averaged over al] 
hits participating in a. track. The pulse area was corrected for the angle 0 in the 
rz-pJane. Fig. [87; shows the resulting distributions. With 28 sense wires single 
a.nd do-uble ia.nizing partrrle.s can be clea.dy distingu.WJed. For a cut at l.3•minimum 
io.u.izing pHtidc cbarge, the l MIP efficiency is 963. The rejection factor for a. 2 MIP 
evnt O-'\Tcr a <oingle ionizing particle is found to be 55 ± 12 
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12. The Offiine analysis program 

12.1. Introduction 

The offiine analysis of the data from the test chamber was done with a general 
purpose analysis program called OOuser developed for the D0 experiment [ 50 ] The 
OOCSER program proYides a framework from which data taken previously and stored 
in a disk file may be read, processed and summary information be obtained. The pro
gram, written in Fortran 77, interacts with the user via a menu driven interface [ 51 ] 
Three principal stages are to be distinguished during the execution of the program. 
During the setup stage parameters for the upcoming analysis run are collected. The 
input file is set and possible output streams are opened, if selected files are to be saved. 
After the setup the event processing task starts. If the program is run interactively 
another menu provides access to a number of features like event display, histogram 
display, event dump etc. The event display in itself is a menu driven program which 
allows the user to interactively access different views of the detector, redefine them, 
split the screen into different windows etc. 

The last stage of the program is reached once all events in the input file or a preset 
number of events haYe been processed. The user can either reinitialize the program 
"·ith a new input file, e.rit directly or produce the desired output of histograms etc. 
with the help of a dialog. 

Each of the above mentioned tasks is accessed via a so called user hook. A user 
hook is a logical function which is called at the appropriate place in the program, and 
which is used by the user to hang his/her specific applications from. For example 
during the event processing a routine USREVT is called for each event, from which, in 
the case of the central detector, the complete hit finding and tracking package is called 
in tum. Each user hook exists for every subsystem of the detector. For example the 
routine LSRE\'T exists for the CDC, the FDC, the TRD, the VTX, the calorimeter 
and the muon system. \\~ith the help of a special tool. the so called program builder, 
the user sets up a special package for his/her particular needs, in which only the 
nece<;sary user hooks are actually called. This allows to build a comparatively small 
executable .-.·erri•:>n Qf the program by a.voiding calling and processing many unneeded 
routint".s. At the same time adding other detector parts to an e.risting package is easy 
a.ud entails only a session with program builder and a relinking of the program. For 
example for the analysis of the central chamber test data no other part of the detector 
was need(".d (or eYen present), so that a version of the program was built which only 
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Figure · 88 • Raw data for a set of seven sense wires and two delay lines. The top two and th~ 
bottom two traces are the delay lines, the other ones sense wires. 

called the routines relevant for the central detector. 

Data in 00 are stored using the ZEBRA utility package from CERN. Zebra allo"A·s 
dynamic data storage and management in a Fortran based program. The data coming 
from the level 2 nodes are written onto file in a binary format preserving the Zebra 
structure. The 00 user program reads this file, decodes the informations and makes 
it accessible for the user subroutines. For each event additional zebra banks are filled 
conta.iGing for example the hit and track information. 

12.2. The reconstruction program for the CDC 

Reconstructing an event in the CDC is done in three steps. First the raw FADC 
data are scanned for hits. Fig. !SS] shows a typical example of a set of raw hits 
as digitized by the FAD C's. Once the hits are found and the basic parameters like 
time, area and width are determined, so called segment tracks are found. A segment 
track is a track within one layer formed by at most seven sense wire hits. Fitting of 
these tracks is done on the r-+ projection of the chamber. Once all segment tracks 
are found~ the program tries to connect as many as possible to form complete tracks 
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0 ,·er four layers and tries to fit the accompanying z-information. 

In the following the procedures used for these three tasks are described in some 
detail. Most of the routines were written by Olivier Callot, Stony Brook and Orsay, 

France. 

12.2.1. Hit Finding 

Data for the CDC are digitized signals from the sense wires and delay lines. In 
each channel the raw data are zero suppressed by a hardware circuit. OOuser reads 
the suppressed data from the file. The first task to be done in order to be able to 
reconstruct the event is to find the hits in the traces. The algorithms used follows 
closely one de\•eloped for the OPAL experiment at CERN [ 52 ]. 

Pulse :finding and definition of the pulse time is done using the first difference of 
the data rather than the actual FADC data. Two different conditions exist for the 
hit finder to recognize a pulse. Three consecutive differences are scanned and have 
to be larger than a threshold or two consecutive differences have to be larger than a 
threshold and the sum of both has to be larger than some other threshold. For any 
data to be used in this selection process it has to be above the previously defined 
pedestal of this particular wire. 

The trailing edge of the pulse is found by requiring three consecutive differences 
to fall below the leading edge threshold. If this condition is not met within a fixed 
num her of bins after the leading edge the pulse is truncated at a fixed length. If a 
second pulse arrives before the trailing edge of the first pulse was found, an overlap 
flag is set and the first pulse is ended at the beginning of the second one. 

The area of the pulse is calculated by summing the bins between the leading and 
the trailing edge. lf a second pulse arrives before the first ends the area calculation 
stops at the beginning of the second pulse. The width is defined as the distance in 
time between the leading edge and the trailing edge bin of the found hit. Again if a 
second pulse arri,·es before the first ends the calculation is stopped at the beginning 
of the second pulse. 

The time of the pulse is determined by finding the center of gravity of the positive 
portion of the difference pulse a.ftcr the lea.ding edge bin . 

.._N i-1 D( ') . 
~=l w l *? 

T = L;f!1 wi-I D(i) 
(12-1) 

where i starts at the beginning of the cluster and runs over all positive differences 
D(i ). Wi is a weight applied to each bin. It is currently a constant number independent 
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of i. This shifts the time towards the larger bins and reduces the time jitter due to ~ 
noise fluctuations. Once the appropriate bin is found it is converted into a time 
by multiplying it with the time for one bin in the FADC. In 00, since the clock is 
synchronized with the accelerator clock, this time is 9.43ns {the clock is running at 
106MHz). 

Using the difference rather than absolute thresholds makes the hit finder more 
independent of pedestal fluctuations. This is important because although care was 
taken to make the electronics as stable as possible with respect to the baseline in order 
to avoid an unstable pedestal, fluctuations in the chamber current due to fluctuations 
in the density of particles traversing the chamber will move the baseline around 
somewhat. 

More important though this algorithm does recognize a pulse by its rise time and 
will reject pulses which are vastly too slow or too fast. Spikes due to faulty bits in 
the F ADC will not be recognized as pulses, nor will some slowly rising pulses due to 
discharges pass the selection. This powerful feature makes the hit finder very useful 
in not filling up the hit banks with spurious hits. 

This hit finder was first programmed for the early cosmic ray test, which were 
done without a sophisticated zero suppression circuit. Test will be made to determine 
to what extent this complicated algorithm is necessary if the full zero suppression is 
implemented. 

""""' At the moment the same hit finder is applied to the sense wires and to the delay 
lines. Because the delay line pulse is somewhat slower than the sens wire pulse a 
different hit finding routine might give a larger efficiency. For reasons of simplicity 
however no distinctions is made at the moment between hit finding on sense wires or 
delay lines. 

For delay lines however one additional constraint has to be fullfilled, before a hit 
can be called a good delay line hit. For every hit there are two delay line measure
ments, qne on either side of the line. The sum of the times corrected for the drift 
time on the sense wire which drives the line has to be equal to the total delay of the 
delay line. The program first finds all hits on the delay lines for both sides. It then 
compares both sides and finds the best match for a given hit. The condition for a hit 
to pass is that 

fie/I + l.irh.t - 2 * tunu = T.um {12 - 2) 

within a given tolerance ~T. 

12.2.2. Fitting Segment Tracks 
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In order- to find the tracks within one layer all hits found in that layer are sorted 
in 4>. A list )s built up which contains the hits for each wire (0:6) arranged in «) from 
o to 2r.. Each hit enters twice into the Jjst as the "real" point and its mirror image on 
the other side of the sense wire. This has to be done because no information exjsts 
at tlli& sta.ge which would distinguish one side from the other. The discontinuity at 
«) = 27r is being taken care of by copying the last hits over to the beginrung of the 
list. Starting from a hit on the lowest plane (first wire in the cel1) a hit in one of the 
higher planes, e.g. plane 6, is chosen. This second hit has to lie within an angular 
range =~«) from the first point. Thjs is done in the r - ~ projection. A road of 
certajn width is opened connecting both points, and a line is fitted to the points 
lying within this road. The fitting is no longer done in the r - ~ plane, but in the 
x-y projection, since this is the coordinate system jn which the final result is being 
stored. The points which result in the best fit are used for the segment track. Since 
the individual hit has no information from which side of the sense wire it originates 
each hit will show up twice: once on the left side of the sense wire plane, once on 
the right side (The ''real" hit and the mirror hit). Segment tracks are fitted on both 
sides. but only the track with the better x2 is retajned. They are tagged together 
with their mirror images so that they are not used agajn for another track. A track 
is fitted only if a minimum number of wires out of the possible seven have passed the 
criteria and are being used for the actual fit. Typically two wires out of seven are 
allowed to be missing. 

12.2.3. Connecting segments to full tracks 

The last step in the reconstruction is to connect the segment tracks to form a 
full track. Starting from the outer radius of the chamber a segment track is ueed as 
a '·seed~' similar a.s it is done in the segment track finding itself. Tracks in the next 
lowerlayer which are within a maximum distance in r- 4> and whose angle~ does not 
vary more than a preset angle are selected. The one which is closest to the original 
one is added to the list of segments on a track. Usually one layer is allowed to be 
missing from the- list. Once tbe list is complete a line is fitted to all hits participating 
in the segment tracks selected.. The track is stored in the form 

% ::: Zr.I + s ... cos ct sin e 
y = yo + s • sin cit sin 0 

z = 2-0 + s * cos e 
(12-3) 

The track is first fitted in r - ~'then in z. For the fit in z each point has to have a xy
component, for the fit in xy the z-points may be missing. All errors in xy- and in z 
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are assumed to be perpendicular to the projection of the track into the xy plane and 
the rz plane respectively. The points participating in the fit are entering weighted 
with the inverse of the square of the error of this point. The final track is stored by 
its center of gravity point of all used hits, the angle ~ in the x - y plane and the 

angle e between the z-axis and the track. 

12.3. Constants 

In order to be able to convert the timing information obtained from the hit finder 
routine to a space information needed in the reconstruction of the event a number of 
additional informations are needed. In the case of the sense wires these informations 
are the drift velocity, an offset time called i.o and a more detailed space to time relation 
for fine corrections to the time. The drift distance x is determined from the drift time 
t by the relation: 

X = Vdr * (t - f.o) {12 - 4) 

i.o is a time offset between the time measured with the FADC and the actual time at 
which this particular event happened. In particular due to slightly different delays 
in the cables and in the electronics this time may vary somewhat from channel to 
channel. Using data from test pulse runs these electronic contributions to the differ
ences in i.o can be corrected. There are however other effects which might change tr'-· 
The field for the outer wires might be slightly different from the one for the in~ 
wires. This might result in a shift in i.o for the inner wires relative to the outer ones. 
These changes are very hard to predict, but they have to be taken into account if a 
good resolution of the chamber should be achieved. An iterative process is employed 
to minimize the differences in i.o. This is described in more detail in the section on 
alignment. 

In the case of the delay lines a i.o exists in the same way as it does for the sense 
wires. However additioIJal information is needed to be able to pinpoint the time to 
space relation ship more precisely. First the active part of the delay lines might not 
start always at exactly the same position within the chamber. Measurements taken on 
the finished lines showed this to vary by about ±0.12511

• This will shift the apparent 
center of the delay line and cause misalignment in the track fitting. The lines do show 
some changes in propagation speed along z. This was measured prior to the wiring of 
the individual modules for sixteen points along the line. From this an average speed 
and a correction table were derived. For the data discussed here the velocities as 
measured in the calibration were used, but no attempt was made to utilize the point 

by point calibration. 

li sing the test pulse data the i.o 's for both delay lines and sense wires may be 
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Figure 89 • r - f> view of the same event with two different overall tcr The relative t 's are 
identical. In the left picture segment tracks do not line up properly because of a wrong 'fo. In 
the right picture all t

0 
are corrected by a time corresponding to half the mean time separating two 

neighbour segment tracks. The segment tracks line up properly and full tracks arc found. 

determined relative to each other, but an overall factor remains unknown. This global 
shjft is fairly easily determined in the case of the sense wires. Due to the staggering 
of neighbour layers track segments will be pulled apart if an overall time offset is 
introduced. In such a case the fo within a segment will be good, since the relative 1" 
are known~ but large distances .-ill separate segments tracks in different layers. The 
overallshift in lo is determined as the time needed to shift the two segments on top of 
each other. Fig. [89] shows two different views of the same event. In one view the 
overall k, was not adjusted properly. Since the relative channel to channel 1" are nearly 
correct many segment tracks a.re found. However segments between neighbour layers 
are offset. h}" a large time TO and do not line up to form full tracks. The second view 
sho"·s the same. event af1er tht'; overall ~ has been moved by 0.5 • TO. The segment 
tra~ks did sh.i{t on top o{ each other and full tracks are found. 

----- For delay lines the situation is slightly more complicated. Nothing directly com
parable to the staggering of cells in the case of sense wires exists. However an overall 
f.o will change the sum of left and right times for each hit on the delay line. In order 
to find the shift tracks were fitted to the left hits and to the right hits separately. 
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One half of the time difference between the two fits was then used as the additional 
f-0. 

For the final 00 chamber the exact position of each delay line and its active region 
is known. Here the i-0 can be derived much more precisely from pulser data and the 
geometrical measurements than it .was possible for the Premod used in the 00 hall 
test. 

For each delay line a fairly large number of constants is needed. The velocity 
as obtained from the calibration and the measurements referencing the line to the 
chamber have to be known. In addition the sixteen calibration points have to be 
stored, or a polynomial fit to those , to allow for high precision reconstruction in z. 

All the static parameters are kept in a special zebra bank. They are read in at 
the beginning of each run. They are changed only during the alignment phase (see 
section on alignment). 

12.4. AJignement of the chamber 

As briefly discussed in the section on the constants used in recontructing tracks 
the i-0 needed to ]ink tracks up can be measured to some accuracy with a test pulse. 
These measurements together with the known geometry of the chamber allow for a 
first set of constants which usually allows a quite good reconstruction efficiency fo"-"' 
tracks. 

For I he tests done so far (the previously described cosmic ray test and the to be 
described 00 halJ test) the operating conditions and the geometry of the chamber 
were not known welJ enough to allow a good determination of the I-O's based purely on 
pulser calibrations etc .. An internal alignement procedure is used to find an average 
set of I-O's for the chamber. 

The basic idea is as follows. First a set of i-0 for the sense wires is derived. In 

a first pass tracks in the segments are fitted as described above, but the x2 for the 
fit is allowed to be fairly large. The residuals for these tracks are accumulated and 
the mean and sigma are determined. At the end of the run the I-O's are corrected 
with half the mean residuals. The same procedure is repeated a number of time, each 
time tightening up the cut on x2• If the determination of the electronic fu was done 
properly, this process converges fairly quickly if the events are clean. 

For the delay Jines a very similar method is employed. After the overall t:,.s are 
determined in the way described above residuals are computed and corrected over 
a number of consecutive passes. At this point no attempt was made to use the 
individual calibration measurements for each line except in using the individual line 
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velocity. It is hoped that. the inclusion of these corrections will improve the quality 

of the fit to the delay line hits. 
It is hoped that this internal alignment procedure can be replaced by a better 

pulser alignment and a better and more complete understanding of the chamber. 



13. The Premod - the D0 HALL test 

13.1. Introduction 

In late September of 1988 the premod was shipped to FNAL to be installed in the 
00 interaction region. After a preliminary test of the chamber in the counting room 
with cosmic rays the chamber could finally be moved into the beam in the middle of 
November of 1988. The delay was partially due to slowly coming electronics for the 
readout, but for the most part due to a Tevatron which functioned without major 
problems for an extended period. This quite remarkable performance of the collider 
however kept the premod out of the interaction region, because no beam access was 
possible. 

On the 23. of November 1988 the first events from the 00 interaction point were 
recorded. During the next couple of month the trigger was gradually improved to 
discriminate against beam gas events and to maximize the trigger rate. During the 
collider shutdown over Christmas a new set of Scintillation counters was installed to 
provide a set of counters at small angles to the beam far away from the interaction 
point. ...._, 

For the next 5 month until the end of may 1989 the test was running intermit· 
tently. A large fraction of the time the system was not fully operational. The reasons 
were many and were not connected to the cham her- some of them will be discussed 
in the following sections. Very often however problems in the data aquisition chain 
made the taking of data impossible. 

In the following the setup used to take data is discussed. The data aquisition sys
tem is briefly described, together with an overview of the software needed to operate 
it. Finally data from this test are presented and some results are shown. 

13.2. The Tevatron collider 

This section very briefly discusses the main characteristics of the Tevatron proton
antiproton collider as far as they are relevant for the chamber test at 00. The Teva
tron is a proton anti proton storage ring at the Fermi National Accelerator Laboratory 
in Batavia, Illinois. The basic parameters are summarized in the following list: 

~lax beam energy 0.9 - 1.0 TeV 

Injection energy 

Circumference 

0.15 GeV 

6.28 km 
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;\lo of interaction regions 1 high L, 3 low L 

Luminosity 0.5 - 1.5 * 1030cm-2s-2 at the high L region, 
about a factor 80 less at the low L region. 

Luminosity lifetime typically around 20 hours 

~o of particles per bunch p: 6'"' I06
; p : 2 * 106 

:\ o of bunches in ring per species 6 

Average beam current per species 

Crossing angle 

Energy spread 

Transverse emittance 

RF frequency 

Acceleration period 

Bunch length 

Beam radius 

p : l .4mA, p : 0.5mA 
oo 
0.15"' 10-3 

2.6 • 10-9 r.rad - m 

53MHz 

44s 

50cm 

43 * 10-6m 

The quoted numbers were mostly taken from [ 53 ], page 50, and were updated 
to correspond to the actual performance of the collider during the 1988/1989 run. 

Since the RF frequency is 53MHz, particles can be trapped in principle every 
18.86ns around the ring. For six bunch on six bunch operation an equal spacing 
between all bunches is not possible, but it varies by one "bucket". Bunches are 
spaced 185 or 186 RF buckets apart alternating between the the numbers. The first 
(leadfog) bunch is called the "A"-marker, the third one the "B" marker and the sixth 
one the -c.,, mark.er. 

At injection the Te,·atron is running at 150 Ge\'. First the six proton bunches, 
then the six antipToton bunches are injected. If everything succeeds the ring will then 
ramp up to its normal energy of 1.8Te V CM, the so called fiat top. 

During this run only one interaction region was equipped with mini beta magnets 
to increase the luminosity. This was the BO interaction region with the CDF experi
ment. Here luminosities up to 1.5 • 1030 cm - 2 .~-I were obtained. In the other three 
interaction Tegion the lum.Wosity is about a factor 80 less than the CDF luminosity 
: 54 ]. 

13.3. The 00 interaction region 

During the 1988/1989 collider run a temporary setup was installed in the 00 
interaction region. The interaction hall for the DO detector was already finished. 
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but no detector was installed. A steel bridge crossed the space for the detector as a 
temporary support for the beamline. 

The F:N AL collider really consists of two rings: The so called main ring, -a syn
chroton with conventional magnets, and the Tevatron itself with super conducting 
magnets. The main ring is used for two purposes. During the filling of the Tevatron 
with protons and anti protons it is used as a preaccelerator, ramping the protons/ 
antiprotons to 150 Ge\' /c before they are injected into the Tevatron. Once the Teva
tron is filled the main ring is used as a proton synchroton to provide protons needed 
in the antiproton source. Every 2.25 seconds the main ring will ramp for appr. 1.75 
seconds and then dump the accelerated protons onto a target. 

In the tunnel both rings are placed on top of each other. As they enter the 00 
interaction hall they separate to a distance of about 2 m at the collision point. A 
number of magnets are placed on the Tevatron inside the interaction ha.II, which are 
used for beam extraction during fixed target running. A space of about 1.80 m around 
the interaction point is left clear of magnets etc. 

Around the collision point the standard 4 inch diameter stainless steel beam pipe 
of the tevatron was replaced by a thin extruded stainless pipe for ±8.5". The wall 
thickness of this pipe was 6/1000", as opposed to 34/1000" for the standard beam 
pipe. ..,.,, 

Besides the premod a monopole experiment shared the 00 collision point. It 
introduced considerable amounts of material in front of the premod. Its main parts 
are 1 '' thick pieces of glass mounted inside the beam pipe and an array of plastic 
scintillator like materials about l" thick just at the outside of the beam pipe. This 
detector intends to find very heavy particles by the damage they do to the material 
in the detector when traversing it. It requires no external electronics or connections. 

13.4. The chamber setup 

13.4.1. The Beam trigger 

Fig. [90] shows an end view of the premod as it is mounted in the 00 interaction 
region. The chamber sits between two magnets, slightly to the side of the perfect 
vertical due to space restrictions. The chamber is supported by two "unistrut" bars 
which run parallel to the beamline. These bars are placed in a way that a particle 
from the beam which would go through the active chamber volume will not traverse 
either of them. Two scintillation counters are placed beneath the chamber between 
the beam pipe and the premod, another one on top of it. These three counters form 

-
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Tentna ••am pipe 

Figure 90 • End,·iew of the premru,f mounted in the 00 interaction region. 

the so called inner set of counters referred to later in discussing the trigger. Two 
scintillation counters are placed in front and behind the chamber, covering the ends 
of the counters on top and right below the chamber. At different times these counters 
were used as veto counters to discriminate against particles travelling parallel to the 
beam pipe, or as crude interaction triggers by requiring a coincidence between both 
of them. 

In addition two sets of two counters each were positioned to the left and the 
right of the beam pipe 7.06 m away from the nominal interaction point on the anti 
proton side and 9.72 m away from 00 on the proton side. Fig. [91] shows the 
position of the different coonttts wit.h respect to the interaction point and the cham
ber. Unfortunately two la~ dipole magnets and one quadrupole are placed around 
the intcractjon 1egion. Jn particular on the p side the dipole will blank out most of 

.. th~ _partid~s for the far counter on this side. The counter essentially will see only 
· those particJe which just "graze" the edge of the dipole magnet and produce particles 
hitting the counter. 

Fig. [92] shows the finally adopted schematics for the trigger. Essentially a 
trigger is formed in two steps. First a coincidence between the three inner counters is 
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Figure 91 . Schematics of the different scintillation counters used for trigger purposes 

made and vetoed by an "or" between the twoendcap counters (counters 5 and 6). The 
timing of this coincidence is set by the counter closest to the chamber, counter #3. A 
second coincidence is made between the two far side counters. More precisely the "or" 
between the two far counters on either side is formed. and the coincidence between 
these two signals is made. A coincidence between this and the inner coincidence is 
used to form the final trigger signal. Finally the trigger is once more retimed \\;th 
an appropriately delayed signal from counter # 3 to minimize the jitter in time, and 
vetoed with an "or" of the 4 far counters timed in early with respect to the expected 
interaction. 

The machine provides two types of signals \\·hich are used in addition to the 
counter signals. The first is a pulse signaling the beginning of an acceleration cycle in 
the main ring. During the ramping of the main ring a lot of background from this is 
expected. The trigger is blanked out during this period of 1. 75 s out of a total cycle 
time of 2.25s. The other signal is the so called Tevatron Beam Synchronization signal. 
It is a signal occurring every 7µ.s whose frequency is synchronized to the Tevatron 
interaction rate. An appropriate delay is introduced to put this signal exactly at that 
point in time at which an interaction at 00 would happen. The actual interaction 
rate is twice as high, collisions occur every 3.5 µs, so the trigger v.;U Ioose half the 
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Figure 92 • Schematics of the trigger logic used for the final runs. For reasons of clarity all delays 
have been omitted. 

possible interactions. This signal is introduced as an additional signal into the first, 
the inner coincidence. 

The trigger was set up to try to reject as many beam gas events as possible and to 
be as insensitive as possible to halo particle from both the proton and the anti proton 
beams. As the beams travel down the beam pipe in their respective directions, they 
are surrounded by a cloud of particles. THeses originate from beam gas collisions, 
interactions with parts of the beam transport system etc. If ones calls the time of 
the "r.eal,.. interaction t. = 0, then the proton will pass by counters 9/10 at t.ime -t1. 
Most probably some of the ha.lo particles ";u hit the counters and produce a signal. 
The same is true for the anti protons and counters 7 /8. These halo hits can be easily 
rejected b)' the fact t.hat t.hc~· are too early compared to the nominal interaction 
time. At I = 6 th.«- inten.ction occurs at 00 and the fragments starts to fly apart. 
OnJr a small fraction of all particles in the beam actually interact so most protons/ 

·.-anti protons will just continue on. They will now pass the opposite far counters at 
the same time as any fragments from the real interaction. Discrimination between 
the real event and the halo is possible by requiring a simultaneous hit on both far 
counters, upstream and downstream of the chamber. However there will be always 

: 
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some background due to accidental halo hits in both counters which fall within the-...J 
time window of the coincidence. . . 

The trigger sketched out in Fig. [92] does essentially the following thing: The 
inner coincidence requires at least one particle at large theta. The veto with the two 
close outer counters (counters 5 and 6) removes any hits from particles flying parallel 
to the beam axis and also events with a large number of particles. At the same time 
two very low angle "beam jets" are required to trigger the coincidence of the two 
far counters. A very tight timing on the coincidence is meant to lower the chance of 
accidental signals from two halo hits at the same time on either side. The veto on the 
early signal from the far counters removes the first set of halo interactions and some 
beam gas events. The whole trigger is retimed with the counter closest to the chamber 
to remove as much time jitter as possible. It is synchronized to the Tevatron crossing 
signal. During the main ring accelerator cycle no triggers are allowed. Although 
background from the main ring is not very likely to fake a trigger, it does produce 
many low energy particles whose tracks overlap the real event in the chamber and 
make the reconstruction difficult. 

There are several sources of possible background triggers. An interaction can 
occur but without producing a particle at high theta. The two low angle beam jets 
are pre!>~nt and trigger the far coincidence. The high theta trigger however is done 
by an simultaneous beam gas event from either the proton of the anti proton beam. 
Some similar eYents might happen in which not one beam gas particle produces the 
trigger but a number of them hit the inner counters more or less at the same time.~ 
Again if the far counters are present the trigger will fire. Some of these events will be 
rejected by the veto from the counters 5 and 6, because they will rather likely spill 
over into counters 5 and/or 6. 

The hits in the far counters will with some probability be faked by simultaneous 
hits of the p and the p halo respectively. The inner coincidence might be present due 
to a real event or~ more likely, due to a beam gas event. 

13.4.2. The signal path: From the chamber to the event display 

After the preamp the signals from the wires are sent to the outside of the in
teraction hall via a flat coaxial cable. There they are amplified and shaped in the 
D0 shaping amplifiers, which are described elsewhere in more detail. The shaping 
headers were set up to do no real shaping, but to compensate for the losses and distor
tions in the cable only. The headers also allowed for a limited adjustment of relative 
gains between individual channels. This was used to supply a lower electronic gain to 
the outer sense wire, which were operated at a higher chamber gain, and to amplify 
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the delay line signals more than sense wire signals. From the shaper the signals are 
,.ent up to the movable counting house into the FADC. At the Input of the FADC a 
coupling transformer im•erts the signal and decouples the grounds. The signal is AC 
coupled into an amplifier with a bilinear response curve. For large signals (larger than 
FADC bin 192 above pedestal) the gain is 11 times smaller than for the main part 
of the pulse. The bilinear response is essentially achieved by using the knee voltage 
of a diode. The FADC is a 100 MHz Shit SONY chip, running at 106 MHz. This 
frequency was chosen in order to be able to synchronize the FADC clock with the 
Tevatron timing signals. Data are next passed through the D0 zero suppression chip, 
a custom designed gate array described in more detail in the section on the readout 
electronics. The zero suppress chip tries to find clusters of data which are not base 
lines in the raw digitized hits passed over from the FA.DC. Only those clusters are 
saved and sent out onto the data cable. From there the data are processed by the level 
2 system and picked up by the main data aquisition program on the host computer. 

13.5. The Data acquisition system 

During the- test of the premod a complete version of the D0 data acquisition 
system was in place in the 00 hall. This system, which is described in detail elsewhere 
[ 55] will eventually·-consist of a dedicated fast trigger processor (trigger framework) 1 

a farm of 50 µVax computers (the level 2 farm) and a VAX 8820 host computer. The 
Trigger framework does the first level of precessing of some selected set of the data 
from the detector to decide whether a good eYent happened or not. Level two takes 
all the good events and does a first processing of them and a reformating. Finally the 
8820, the hos1 computer, stores the good events and does any kind of online analysis. 

A certain time after every beam crossing trigger framework checks whether any 
valid trjgger condition is met. In the simplest case a valid trigger would be a set 
bit in the 32 hit trigger word. In more realistic situations any combination of those 
ma~· be used for a specific trigger. The trigger conditions will be programmable in 
software by the- user to allow for maximum flexibility. In the final experiment trigger 
framework will actually build the trigger from a number of inputs- like information 
from the calorimeter~ from. the trigger counters or other parts of the detector. During 
the 1988/89 nm the ~tual tri~ Yas formed outside lrigg;er framework by the above 
described trigger fo;5c and i~-u- proc~d and timed by trigger framework. 

tf a valid trig.ger condition is met, a signal is send out to the different front end 
crates to suspend the taking of additional data. In the case of the CDC a flag is set 
at the FADC indicating that the data in the fast buffer are to be transferred into the 
zero suppress chip (start digitize signal). Another flag is set, the "hold transfer" flag, 
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which can be used to abort the processing of the data, if for some reason the trigger 
system marks a initially valid trigger as invalid. This is the so called level I.5 trigger 
decision, which would mean that the front end is dead for one intersection, during 
which data are being processed and the final trigger decision is reached. It .allows the 
trigger computer some more time to arrive at a more sophisticated trigger decision 
without unnecessarily slowing down the whole system by introducing a lot of dead 
time. If the hold transfer flag drops before the start digitize flag, the F ADC stops 
processing, empties out its buffers and is ready for a next event. 

Trigger framework also sends a signal to the level 2 farm indicating that a valid 
trigger occurred and that the system should prepare for data to come in. 

To guarantee that the timing between the different components of the system is 
consistent everything up to the level of trigger framework is timed from the same clock. 
This master clock is driven by a synchronization signal received from the accelerator, 
which retriggers the system every 21 µs (every full revolution of the beams). Starting 
from this signal the clock generates a 106 MHz square wave which is phaselocked 
to the main timing signal and resynchronized every 21 µs. This clock drives all the 
FADC's. In this test the 106 MHz signal as received from the clock was distributed 
to the F ADC's directly via the VMS back plane. In future versions repeaters are 
foreseen on each F ADC board to minimize the dependance of the system on the signal 
quality received from the clock. The clock also sent a Tevatron crossing signal to 
trigger framework, which is used by the trigger computer as its main synchronization 
signal. Every check trigger framework does on trigger bits is timed relative to this 
timing signal. All the signals originating in the clock system are controlled hy a local 
computer. They can be delayed with respect to the main timing signal from the 
accelerator, so that e.g. the acquisition of data with the FADC starts shortly before 
data actually start arriving from an interaction on the input. Care has to he taken 
to time this on the correct bunch passing by in 00. Since bunches are not, equally 
spaced, but Yary in distance by 18.8 ns, the start acquire signal sent to t11e F ADC 
should be timed in the correct sequence to match up the sequence of the bunches 
passing by at 00. 

Data from the detector are send to the µ V axes via fast data cables. Ea.di part of 
the detector is served by one data cable. At the farm a supervisor computC!f r:lecides 
which of the µ \iax nodes is not busy and sends the data to this node for P'''Cessing. 
The cable is directly mapped into a part of the processor memory avoiding ,,.peated 
copying of the data from one memory location to another. Once data ,,_,,. being 
processed they are send on towards the host for storage and, if so desir~i. online 
processing. 

The actual system available at D0 was a scaled down version of the fina,. iu:quisi-

-. ..... ----------------------------~-
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tion system. Four ii.Vax computers formed the level 2 farm- one as a supervisor, the 
other three as actual nodes. Three data. cable were installed, one for the chamber test, 
one for the muon chamber test and one for the calorimeter electronics test. The level 
two system was essent.iaily oniy used as an intelligent data router without doing any 
actual data processing. It did receive tbe data from the VME crates, checked them 
for parity errors and consistency by comparing the information in the data header 
~·ith the actual data package (e.g. length of the data package) and held them in a 
buffer until it was able to ship them off to the host. 

On the host a number of things are happening. Most importantly data arriving 
from the level 2 farm will be recognized according to the trigger type - in this test, 
the distinction was entirely detector related: central chamber data, muon data or 
calorimeter data~ in real running this might mean a missing pi trigger, or an electron 
trigger- and saved into appropriate disk files. The disk storage is only used as a 
spooler for the tapes- once a certain file size is met, data will be automatically written 
to tape. 

At the same time the host allows the online analysis of the data. If this is enabled 
data are being put into a common block, the so called global shared common, where 
they can be accessed by an online analysis program and used for event display etc .. 
Again the online program will pick out only those events from the global shared 
common which fall into certain trigger categories. 

13.5.1. DAQ Software 

A number of programs have to be present in order for the Data acquisition system 
to function properly. This section does not attempt to provide a users guide to 
the system, but rather to give a short description of the programs involved. For 
the user three programs are visible. One is a low level program running on the 
68000 µProcessor that controls the V~IE crate with the FADC's. This program upon 
receiving a trigger signal will start and control the routing of data from the FADC 
buffers on the data cable driver. The other two visible programs are running on the 
Host. One is the control program for the taking of data, the program "Taker", which 
defines the type of trigger used, swjtches recording of events on and off etc. The 
other visible program is the miline aualysis/ event displa~· package called "Examine". 
Examine is the oaf.in<.! ,~ersion of the pre.,.iously desC'ribed OOuser program. It provides 
a subset oft.he fo11ctions of OOuser, which are meaningful for interactive data analysis. 
Ristograms may be booked and filled, and the standard event display package is 
present. 

In the background a number of other processes have to be active. The central 
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task running is the Coordinate program, which "coordinates" the flow of data fro;;} 
the level 2 farm to the host. COOR, as the program is called, will with the help of 
two other processes fill the global shared common and write data onto disk for those 
triggers for which a Taker is active. 

Each of the other parts of the DAQ, the level 2 farm and the trigger framework, 
have their own control programs, which may be accessed from the host. They allow 
the user to interact, mostly for debugging purposes, with the different systems. A 
more detailed description of these can be found elsewhere. 

13.6. Performance of the Premod in the 00 interaction region 

During the collider run the premod was continously in the beam for about 7 
month. About half of this time the chamber was actually under RV, some unde
termined small fraction of this taking good data. However the chamber performed 
very good over the whole period. No problems were encountered which were due to 
the chamber. In particular no HV breakdowns occurred, nor did the chamber trip 
spontaneously. The only time the HV had to be lowered was during the injection 
of p and p into the Tevatron, when a very large background radiation increased the 
chamber currents to more than 20µ.4 per wire (the limit of the current meters). 

In the following a short summary of the general performance of the chamber ir 
given. For a more detailed discussion refer to the previous section on the cosmic ray.ti 
tests. This section is intended only to show that the chamber operated correctly. 

Fig. :93: shows the number of full r - 4> tracks in every event. the number of 
hits which participated in the track and the number of hits on the r - z track. Only 
3 layers were required for a full track in r - 4>. Of the 10643 events processed in this 
run, 1610 did not reconstruct any full track at all in r - 4>. For about twice as many 
events no track in r-z was found (3650). Conditions for a track were as follows: 
Max x2 IN for segment tracks 5 
number of missing wires on a segment 2 
minimum numbers of segments in full track 3 
max :\: 2 

/ N for full tracks 30 
number of missing delay lines 4 

Fig. [94] shows an efficiency plot for the sense wires and the delay lines. This 
plot was obtained by requiring 4 layers to participated in a track fit. The results 
agree with the measurements done using cosmic rays. Two delay lines did not work 
properly in the premod. This explained the lower efficiency for delay line #15 ~nd ___ _ 
#27 in the plot. Fig. [95] shows the x2 per degree of freedom for the track fits 
in both views, r - 4> and r - z. Fig. [96] shows distributions for the ¢ and the 
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Tht:ta. angle measured in the chamber. The ~ distribution is flat indicating that 
the chamber is illumiDa.ted uniformly in ~. 0 shows two peaks due to forward and 
backward events. to a. large estent probably due to beam gas interactions. A more 
detailed discussion of this is gi~en m the next sections • 

13. 7. Analysis of the D0 hall data 

The data discussed in the following section were taking during the last part of 
the D0 hall premod test. At this point the trigger as outlined in the last section 
was in place and functfonal. The data acquisition chain was working most of the 
times, and the online program was in a state which allowed a quick feedback on the 

·. incoming data. Two large runs were taken during the last days of collider running 
which yielded useable data: run 3583 and run 3584. If not otherwise noted data 
presented here come from either of these two runs. 

The~· were taken under "nominal" conditions: Tevatron running at 1.8 TeV center 
of mass energy \\·ith six proton bunches colliding with six antiproton bunches. The 
Luminosity at the begin of each run was 1.2 • 1030 cm- 2 s- 1 for run 3583 and 1.0 * 

.1030 cm - 2 s- 1 for r-un 3584 respectively. 31380 triggers were taken in run 3583, 15640 
in run 3584. 

The analysis presented in the following proceeded in three steps. First a rough 
alignment of the chamber was done using ~ata from a pulser run. A first pass over 
the data was done, using this alignment, in which very clean events were picked out. 
Tht> file of so selected events was used to improve the alignment of the chamber. 
Once the alignment was satisfactorily the raw data were once more passed through 
the analysis program. This time events with good tracks in z were selected. In a third 
pass finally the selected events were further reduced by requiring a fully reconstructed 
vertex in three dimensions. In the following the different steps will be discussed in 
detail together \\;th the methods used, cuts applied etc .• 

13. 7 .1. The alignment phase 

Fig. [9i] shows a few typical events directly from the raw data tapes. Clearly 
there are many hits present be.,ides tho~ which were recognized as participating 
in a full track. Due to los energy particles from various background sources many 
incomplete triu:.ks form in the chamber. They will be reconstructed as segment tracks, 
but 'rill usually not pass the criteria to participate in a full track. The automatic 

- ·alignment procedure described in the chapter on the offiine analysis program will 
take any segment track and try to find the best matches for full tracks. Without 
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Figure 91 • Some typical raw events directlv from the tape. No cuts or selections have been made. 
In the left view the projections of the tracks· into the ., - + plane are plotted, in the right one the 
tracks in the ., - z plane are shown. 
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Figure 98 • Number o{,. - + tracks (full tracks), number of hits on a ,. - + track and number o{ 
hits on a,. - z track for the dean event sample 

any absolute reference using these noisy events \\'ill yield unpredictable results. The 
program might attempt to connect "wrong" segments into tracks, broadening the 
residual distributions considerably and making an accurate determination of the to 's 
very difficult. In order to make the alignment more reliable a special sample of the 
data was produced that included only very clean events. All cuts were applied to 
segment tracks only, because their alignment is mostly fixed by the pulser data. 

For an event to pass the selection criterium at least one segment track had to be 
present iD each layer. No condition was placed that this track had to line up with 
other ones in the dlamber. If any segment track was found within 1 cm of the anode, 
the event was rejected.. This lnS done to avoid problems with a non linear field shape 
close to the sense wift • .Ever~· s~gme:nt 1'"U next checked for other hits near by. If 
more than 3 hit.s wes:e found for a.n;· segment track to be closer than 5 mm to the 
.segment the event was rejected. This way events with tracks close to each other or 
crossing each other were not included in the sample. In the next step when segment 
tracks were joined into full tracks, the maJcimal allowed distance between two segment 
tracks was chosen to be smaller than 5 mm. The alignment program was forced in 
this manner to align only the correct tracks together. Fig. [98] shows the resulting 

. __ .... ~·~· . ' ··~ ... 
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plots for num her of tracks found and num her of hits on a track in r - ~ and r - z for 
the clean sample of events from run 3584. Nearly all events in the sample are single 
track events with the track reconstructed in both views. Of the 15640 initial triggers 
in run 3584 980 or 6.33 passed the cuts. Fig. [99] shows the change in the to's for 
sense wires and for delay lines due to the alignment. The changes are not big- they 
are of the order of a few ns- but important enough to increase the number of tracks 
found considerably. Fig. [100] shows the to plots for the two consecutive runs, run 
3583 and 3584. The first run was a rather large one extending over approximately 9 

hours (at a trigger rate of 2.4 Hz). It is clear that a realignment of the chamber is 
necessary frequently. 

13. 7.2. Data Reduction: first pass and background rejection 

Most events recorded turn out to be beam gas or other background events. The 
final goal of this analysis is to find those events in the whole data sample that are 
real p - p interactions. This was done in a two step process which is described in 
detail in this and the following section. To be able to separated the events from the 
background a more complete understanding of the background events themselves is 
helpful. 

In order to understand the background better, data were taken during a proton 
only run with a slightly modified trigger. The arm of the far counters which is _; 
the side of the protons ,i.,·as not included into the trigger, and the veto of 5 and 6 was 
removed. The resulting triggers are expected to be entirely due to beam gas events 
from the proton beam. Fig. [101] shows the distributions for the angle e of the 
track and the intersection with the beamline z. The z-distribution shows a clear peak 
at z= 115 cm and a peak in 8 at 150°. Looking back at the setup in the beam one 
sees that at z=lm one of the dipole ends- most triggers seen in th.is run are due to 
beam gas events scattering at the face oi this magnet. 

Loo~ng at Fig. [101], it is clear that most background originates from events 
with lz~-> lm and 0 < 40° or e > 140°. For the next step in selecting good events 
only those events with tracks with - 75cm < z < 75cm and 40° < 0 < 140 were 
accepted. At least two tracks had to pass the z- criterium, and one of the two had 
to satisfy the 0 criterium. Fig. {102] shows the resulting z- and 0 distributions for 
the selected events from run 3583. A small peak at z=llO cm survives because some 
events which have two good tracks in z - and therefore passed the selection cut- also 
have other ba.d tra.cks originating at z= 110 cm. 11132 events out of the 31380 raw -
triggers passed this cut (35 3). Fig. [103) and Fig. [104] show a few events which 
passed the cuts. 
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13. 7 .3. Vertex reconstruction 

The final selection criterium for real events was that at least two tracks must 
fully reconstruct a vertex in three dimensions. In the follo\\-ing the cuts used and the 
method to calculate a vertex are discussed in detail. Since the premod covers only 
28° in t, the vertex in the XY·. projection can be measured much more precisely in 

· one direction than in the other one. This will not be a true for the final chamber, 
since it will cover 2r. in t. Since z is known with much less precision than x-y, this 
makesh impractical to attempt a real simultaneous fit in three dimensions to find the 
vertex. The method adopted for the D0 Hall data uses the xy vertex as the starting 
point for a vertex and tries to find a best z-verte.x for this xy-vertex. 

In detail &.be prccedure is as follows. The first thing done is that the coordinate 
system of the c.ha.mber is changed. Normally the ~ = 0 direction coincides with 
the outer edge <Jf the cd1s in the_ mos.t. counterclockwise wise position possible in 
the cham_ber. In t.hia way all angles ~ are always positive and start at 0. However 

· for reconstructing a vertex the precision with which that can be done depends on 
the opening angle of the tracks used for the measurements and on the orientation 

• . 
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Figure 102 • Z- and e distributions of a part of the sample after passing the first pass cut: at 
least 2 tracks with - 75cm < z < 75cm and at least one of these tracks with a e within 40 -140°. 

of the axis with respect to which the vertex is being measured. The most precise 
measurement can be done in a plane perpendicular to the symmetry axis of the 
chamber. The coordinate system is rotated in a way that the y-axis is along the 
symmetry axis. Xis now the direction in which the vertex position will be measured 
most accurate, y the one in which the determination will be worst. Fig. [105]_. shows 
a sketch of the used coordinate system. . 

Aber rotating the tracks into the new coordinate system the distance of closest 
approach between each track in the r- +plane and the nominal vertex position in xy 
is calculated. Only tracks which are closer than 5cm to this point \\;n be included in 
the following. Next it is required that participating tracks a.re reconstructed in r - z 
as well and that the intersection of the r - z projection with the r=O axis is within 
±75cm of the nominal vertex position in z. For every possible combination of two 
tra.cks which pass these cuts the intersection in the x-y plane is calculated and stored 
in an array. The distance in x and in y from this intersection to the nominaj__yer_tex 
position is checked and has to be less tha.n a certain limit. Since the x-coordinate can -
be determined much more precisely than the y-coordinate, a tighter cut is applied 
to x. At the position of the xy vertex on the track the distance in z is calculated 
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Figure 103 • A typical event display afLer theo first pas1 cut 
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between the two tra.cks a.nd stored in an array as well. If this distance is less than a 
limit, the z-tolera.nce, the two tracks are tagged as possible vertex track candidates. 
This procedure is repeated for every combination of two tra.cks in the event. 

Once all tracks are processed a list is made which gives for every track tagged 
as a vertex track candidate the number of neighbours in z which are within the z
tolerance. The track which has the most neighbours is chosen and all the neighbour 
tracks which are listed with this track, are identified as participating in a real vertex. 

The actual vertex position is calculated differently for the r - t proj~~tion ·~d 
for the f' - z projection. For the r - ~ view a fit is done to find the point in the plane 
which is simultaneously the closest to all the tracks participating in th~ ~ertex. Tl".~. • • ·~ '~ • • ,;-T- .. J, ' 

is done by maximizing the Probability: .· ~- ·{~/{.-).~:.'='j)~.~~ c 

2 .';,i·:J'"''"··-~=-~~ ... N -4 .. -·~ ~-~~ t. ""''-"'t:,i:'<~~:---·, 

P = IT e w ·:~:;·;¥t~w;:(13_ i))}{ . . .... ·4·~- -'•'!..· .{~~-.!-~-•=1 '·,-!·-:~:;;·~.· ·;~! i' (.~~·:; : ...... _,. ·{' :'1~'. .• "{. ~ 
J ~ •. ;;~·!,.':t~;1~~:D•i:·:.o.: 

where ti. denotes the distance bet ween the i - th track and the C0,!°~2~.P..'!.11!~ (.~~ ~ 
and sigma is assumed equal for all tracks. The distance between ·•.,P~~!~~~~r~}~~~ 

.· _.:"-.._~-;-.!(~· "·;t}'-'i·"*·:/,~., ~ ~'-..:;~"f •. 
w - ~·- -t·:. (t"l ... . :>Jt.. ~-.. ~ ~ .. • ,.,.;. ' . 
;' .. ~..i:,..· 1;1""

1
~~.'"f'~/';;" ·-it ' :·~:~:-: ,, __ ., ... ~· .. \!~', 
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given by the equation y = mz +bis given by: 

lmz - y + b; I cL - -----;=======--- j1 + m,? (13 - 2) 

The point of common closest approach is then calculated by the following equation: 

a1Cl - a2CJ. 
y= 

azbi. - a1bz 
Cl+ bzy 

z=-

where the coefficients are given by : 

bi = L: m ? 
1 + m.; 

bz=L .1 2 
1T111..j 

(13 - 3) 

(13 - 4) 

For the z-vertex this approach can not be used. A point of common closest approa-../ 
to all participating tracks in the r - z projection is not necessarily the best 3-d vertex. 
This is because in the process of projecting the tracks into the r - z plane they are not 
on]y rotated but also shifted if the are not lying in the plane. Spurious vertices will 
show up in the display which are not present in reality. To circumvent this problem, 
the distances between any two z-tracks obtained at the point of the xy vertex are used. 
The simple average of these values is calculated and is caJled the vertex position. 

13. 7 .4. 'Sources for error on the vertex calculation 

Two main phenomena contribute to an uncertainty of the calculated vertex posi
tion. The chamber has an intrinsic measurement error which will limit the precision 
with which the vertex can be calculated. Secondly material in front of the chamber 
will multiple scatter the tracks and broaden the vertex distribution as well. 

The quantities measured on a track are the center of gravity in r - ~and in r - z 
and the two angles~ and 0. The errors on these quantities are known from the fitting 
routines. Using the error propagation law the error on the two track intersection in 
two dimensions can be calculated. \\."ith z = my + b; one finds after some algebra: 
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(13 - 5) 

A special case is the one when the two tracks are symmetric about the x-axis (m1 = 
·. -m2). This corresponds to the sightly idealized situation discussed above, where the 

vertex can be measured most precisely in a direction perpendicular to the symmetry 
axis of the chamber. In this case the y direction is the one which may be measured 
most precisely. For this special case the equation simplifies considerably: 

(13 - 6) 

For a hit in the center of the- chamber (yO = 55cm, zO = :::IOcm), and an Uyo = 
200µm, u,,. = 0.002, one finds 

O'z = 0.08cm 

Uy = 0.46cm 

It is interesting to note, that u./ Uy = 6 for tracks with an opening angle of 20°. 

The effect of multiple scattering mar be estimated with the following formula 
describing the width of the anglular distribution alter multiple scattering as ( 56 ]: 

~ _ 14.lM e 1'/ c "· ~ L , _,_ ! l ( .!_ )1 
QO - /3 M•.c L l l . og L J 

p R 9 R 
(13 - 7) 

where p is the momentum of the partide (in MeV), /3 its velocity in units of c and Z .. c 

its cha.rge number~ L/ L11 tbe t.hidmess of ihe scattering medium in radiation length. 
_ Tius formvla a..ssumes t.hat the angles after the scattering are gaussian distributed. 

This Is' not -exactly true, in particular at low energies the distribution has non gaussian 
tails. For an estimate of the magnitude of the effect however Eq.(13- 7) is adequate. 
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Fia:ure 106 • A \"erage iransverse momenium of charged particles as a funciion of cenier of .,...J 
energy 

To calculate the multiple scattering angle for the premod a measurement of CDF 
was used to determine the averagt> transverse momentum ior minimum bias particles 
at l.8Tev. Fig. [106J shows a plot of the average transverse momentum of charged 
particles as a function of the center of mass energy [ Si J. From this the ai;erage pr 
is found to be 460 MeV at 1.8 TeV. 

The following table lists the contributions of the different materials found in front 
of the chamber: 
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I Material D/cm L/L11 0r/ tT/cm 
1 n glass (monopole) 5 0.2 0.78 0.1 

1" Scintillator (monopole) 10 0.06 0.4 0.09 
1/16" SS Monopole sun 13 0.09 0.5 0.1 

1/4" Trigger counter 20 0.02 0.15 0.05 
1/4" Trigger counter 30 0.02 0.15 0.08 

3/16" Al- drum (premod) 45 0.05 0.4 0.31 

Table 1 
Material in front of the premod, thickness in radiation length and contribution to the vertex smear 
due to multiple scattering. D is the distance between the beam and the material 

If one adds all the individual contributions in quadrature the resulting sigma is 

O'cocal = 0.36cm 

due to multiple scattering. This shows that multiple scattering is the dominant effect 
and will limit the accuracy of the vertex measurement. 

13. 7.5. Results 

Of the 43535 raw triggers in run 3583 and the 19902 triggers in run 3584 1207 and 
545 respectively passed all the cuts. This corresponds to 2.83 of the data sample. 
Fig. )01; shows the distribution for the three views of the vertex. A gaussian fit 
was done to the distributions with the following results: 

View Average position/ cm tT/cm x.6 /N 
x -0.43 = 0.02 0.40 ± 0.1 1.40 
y -0.9 = 0.1 2.9 ± 0.1 1.82 
-z 4.5 ± 1.0 30.8 ± 0.6 1.10 

The results are compatible with the expected errors discussed in the previous 
section. A u. of 0.404 cm has to be compared to an error due to multiple scattering 
of 0.34 cm. The measured width in y is 7.5 * u. as opposed to a predicted ratio of 
6. However this prediction was calculated for an ideal track opening angle of 20°. In 
reality smaller angles will contribute as well and increase the error in y. 

The width of the vertex distribution in z of 31 cm agrees with measurements done 
by other experiments at the tevatron during the last run [ 58 ]. 

I 
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13. 7 .6. Conclusion 

The premod has been operated in the p - p collider at Fermi Lab for a num her 
of month. During this time no problems with the chamber were found. Using the 
data from the last part of the run a reconstruction of the vertex was done. It was 
found that about 53 of all events reconstructed a complete vertex in space. The 
measured dimensions of this vertex are consistent with measurements of other groups 
( z-distribution) or can be explained by multiple scattering ( x-vertex) or by geometric 
effects together 'A;th multiple scattering (y- vertex). It has been shown that the CDC 
chamber design is capable of opera.ting reliably in a collider environment, that the 
chamber efficiently can measure tracks even in a high noise environment and that a 
stable operation over extended periods of time is possible. 

-
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