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MEASUREMENT OF THE HADRONIC CHARM
PRODUCTION CROSS SECTION IN A
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Hadronic production of charmed particles in association with muons from
semileptonic decay of these short lived particles has been observed in a high resolution
streamer chamber experiment performed at Fermi National Accelerator Laboratory in
1982. Thbe incident beam was a collimated high energy neutron beam with an average
energy of 280 Gev. The streamer chamber was triggered on the detection of the prompt
muon from the charm decay. Two toroids were installed at the downstream end of the
muon spectrometer for analyzing the muon momentum. In the operation of the streamer
chamber, we achieved a streamer size of 50 pm and a full track width of 120pum in space.
The streamer chamber optical system had a demagnification factor of about 1.5 from
space to film. The minimum separation between two measurable tracks was about 150
pm on the film. With a special miss-distance analysis of the streamer chamber pictures,
17.3244.73 charm signal events were obtained. Using the assumption of AP dependence
for the production cross section and several different D-D production models, the nucleon-
pucleon charm production cross section, averaged over the neutron spectrum, is estimated

to be between 13 to 20 ub (with the average value equal to 17.69 + 6.80 ub).
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Chapter 1

INTRODUCTION

1.1 A BRIEF REVIEW OF THE CURRENT STATUS OF THE
CHARMED PARTICLES
Since the discovery of the J/¥ particle in 1974, the study of the hadronic production
of charmed particles [1, 47] has been actively pursued. It is believed that a better
understanding of the production characteristics of these heavy particles will contribute
fruitful inputs to our understanding of QCD [10, 11, 15] which at present is the only

framework available for us for handling problems in the strong interactions.

The observation of an open charm (i.e. charm quantum number not equal to 0) state
was first reported in 1975 by a BNL bubble chamber experiment [2] with a (u”+p-'
p~+A+x 4+ 7 42t +77) event which was interpreted as the production of either a Z‘: +
or a A:’. In 1976 a clear signal for the production of D* particles was reported by an
e*e™ experiment at SPEAR, SLAC. [3] Since then, data on charmed particles has been
rapidly accumulated. By the time of the 1979 Lepton-Photon Conference at Fermilab,
experimental results on the observation of charmed particle production were contributed
by more than 17 experimental groups (Ref. [4] to [9]) including 3 ISR (pp) colliding beam
experiments [5], a CERN n~ p-interaction bubble chamber experiment (LEBC), a Fermilab

pN-interaction streamer chamber experiment [28] and a Fermilab pN beam dump




experiment [8, 7, 20]. By that time, evidence for the D, D, D’ and D’ mesons, the F¥ (cs)
meson and the A7 (c[ud]) baryon bad been reported. The masses of D, D, D" and D" were
also measured by e*e™ experiments [4]. The results of hadronic experiments were still in
a very primitive stage and the mass of A: was estimated to be about 2.25 to 2.29 Gev/c?
from the ISR experiments. Results from SPEAR (the DELCO experiment [4]) and the
Fermilab emulsion experiment [8], however, gave surprising results on the lifetimes of the

charmed particles.

According to the spectator pictures as discussed in the classical paper of Gaillard, Lee
and Rosner [47], the decay of a charmed particle proceeds via the elementary processes of
the charm quark and the other quark (q) remains essentially as a spectator (figure
1-1 (a)). Comparing with the p decay diagram (figure 1-1 (b), p—evv), the decay rate of

the charmed particle can be roughly estimated as

r /I’p ~ .S(mc/m“)5 (1-1)

c

where the first factor 5 includes the three colors of the quark and the contributions from
ev and pv. m_ is the mass of the charm quark (~1.5 Gev) and m, is the mass of
muon(~ 0.1 Gev). Therefore one would expect that the lifetimes of D* and D° are
approximately equal (~ 6 x 10712 sec.). Moreover, the semileptonic decay rates for both

D* and D° are also expected to be equal since the Cabibbo-favored semileptonic

Lagrangian has the form
L ~ cosf [ cv (1=)s ][ T'y“(l—'ys)u ] (1-2)

where 6, is the Cabibbo angle, ¢ and s represent the charm and strange quark
respectively, [ represents the lepton (e or p) and v represents the neutrino. This

Lagrangian carries zero isotopic spin hence

DSt +04X%) = AD =1t 414+ X7) (1-3)

where X° and X~ are isospin % hadronic states. Therefore one would expect that the
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Figure 1-1: Weak decay of charmed particles

(a)The spectator pictures. (b)Muon decay diagram. (c)W-exchange diagrams.




semileptonic decay branching ratios for D* and D? are the same and

BR(D*—I+X)/BR(D’—I+X) = oD*)/{(D?) - (1-4)

Contrary to the expectation from the spectator model, the lifetimes reported by the
emulsion experiment [8] were #(D*)~8x10"!3 sec. and #(D%)~0.66x10"!3 sec. On the
other hand, the ete™ experiment reported measurements on the semileptonic branching

ratios [4]
BR(D*—e+X)/BR(D%—e+X) > 4 -~ (1-5)

By that time (1979), it was clear that something was missing from the original predictions
concerning the weak decay of the charmed particles.

The most recently published summarized results on the lifetimes and semileptonic

branching ratios of the charmed particles are listed below: {12, 50]

7D’ = 3.9 fgj x 10713 gec. (1-8)
fDt) = 8.2 _:l); x 10713 sec. (1-7)
r(F:) = 2.5 :133 x 10713 sec. (1-8)
T(A:') =22 tg: x 10712 sec. (1-9)
BR(D*—evX) = 16.8 + 6.4% (MARK II) (1-10)
BR(D%—evX) = 5.5+ 3.7% (MARK II) (1-11)

The ratio f(D*)/(D°) is approximately equal to 2 instead of 1. An attempt to answer
this problem includes other decay mechanisms which contribute preferentially to D?
hadronic decay such as the non-spectator W-exchange diagram for the D® meson in figure
1-1 (c). The extra gluon is necessary to bypass the helicity suppression. Detailed

discussions on the issue of charm decay can be found in references {12}, [18], [18], [19], [62]




and [63]. The current situation on the weak decay of charmed particles is that a lot of
progress has been made on the experimental study of the lifetimes of charmed particles
during the past 6-7 years. Better data on the measurements of semileptonic branching
ratios are however still needed to obtain absolute semileptonic decay rates and compare to

the standard model.

Questions also exist when one turns to the subject of the production mechanism(s) of
the open-charm particles. Perturbative QCD calculations based on the gluon-gluon fusion
and "Drell-Yan like* quark-quark fusion mechanisms (figure 1-2) have been remarkably
successful in interprettng experimental data on the hadronic production of the J/¥
particle (see references [10, 49, 50, 51, 57, 58]). Using these fusion models, the original
theoretical predictions [54, 55, 56, 57, 58] for the total charm production cross-section
were on the order of few microbarns at Fermilab or SPS energies (~ 60 pb at ISR energy)
and the charm-anticharm pair were produced centrally (i.e. the distribution of the
produced charm can be expressed by the function (1-|Xg|)" with n~$5; where

XF=P”/P

max)- However, several measurements of the hadronic charm production cross-
section from earlier Fermilab or SPS beam dump experiments (for example,
[20, 22, 28, 29]) indicated that the cross-section (o{DD)~20-30ub) is much bigger than
the original predictions.

The differences between the fusion model predictions and the experimental
measurements gets even worse if we include data from the ISR.  The three
experiments [21, 25, 26] discussed in reference [5] detected a large mass peak in the A7 —
k~pnt decay channel and an abundance of the A:’ were observed at large X. The total
inclusive cross-section was estimated to be about 200-400 pb. These results, later
supported by another ISR experiment [32, 33, 34], displayed diffractive production
phenomenon of charmed particles (especially the leading A} baryon). The word
diffractive here means forward production and is associated with a much flatter Xp
distribution. According to the definitions of reference [15], with a proton or neutron
beam, A} or D° are diffractively produced with the Xp distribution proportional to

(1-—XF)l and (l—)(F)3 respectively. With a 7 meson beam, D° will be diffractively




produced with a (1-)(F)l distribution. Centrally produced particles follow a (I-XF)S

distribution.

In order to accommodate the data, several alternative approaches have been pursued
to improve the theoretical understanding in the problem of heavy flavoured particle
production. It is possible to obtain a bigger cross-section under the framework of the
fusion model by varying the parameters used in the calculation (such the mass of the
c-quark [55, 58]). It has been suggested by some authors (for example, reference [57]) that
collective nuclear effects might enhance the charm production cross-section and that non-
perturbative effects might turn out to be important for the charm production process.

Generally speaking, the fusion model tends to give centrally produced charmed particles

and the calculated production cross-section is well below 200 ub at ISR energy.

Another attempt to answer these questions is the sntrinsic charm model proposed by
Brodsky et al. [84, 65]. The basic idea of this model starts with the observation that all
of the constituents inside the proton (hadron) must have the same velocity in order to
keep the proton together. If sntrinsic charm quarks are included in the proton wave
function with ~(1-2)% probability then these heavy constituents will carry most of the
momentum of the parent proton. The consequences are that the produced A: or D
particles have flatter X distribution and 200-400 pb diffractive production cross-section

of the charmed particles at ISR energy is hence understandable.

This tntrinssc charm model is, however, argued against by some theorists (for
example, reference [15]) on the standpoint that valence-like cc components in the proton
wave function are not a feature of QCD. The point is, according to reference [15].
intrinsic charm could be generakd through the process where a soft gluon produces a soft
cc pair that eventually shares the momentum of the valence quarks after multiple
interactions with the valence quarks. These c-quarks are far off-shell and subject to short-
time scale fluctuation in contradiction to the long-time scale intrinsic charm picture.
Most importantly, results from a Fermilab beam dump experiment (see references

[11, 13, 74, 76]) and the CERN EMC experiment (reference [73]) do not seem to support




this intrinsic charm model.

The flatter X distribution of the charmed particles at ISR energies could also come
from valence quarks (u, d) of the proton combined with a charm quark excited from the
sea of the other hadron. This is the so-called charm . excitation
model [15, 59, 67, 68, 69, 73] (see figure 1-3 and figure 1-4). However, there are two
major difficulties associated with the calculation of the excitation diagrams. The first one
is the lack of knowledge of the structure function of the charmed sea quarks. The second
difficulty is the determination of the Cmin cutoff (i.e. the minimum momentum transfer
needed to excite a charmed sea quark) which is necessary in the calculation since the

diagrams diverge as t approaches 0.

Given these difficulties, Odorico [69]\ used a Monte-Carlo technique to generate the
charm structure function from QCD evolution and obtained a rather hard Xp distribution
for the produced charmed particles. Figure 1-5 shows the results of this calculation
compared with result from the fusion model calculation. From this figure we can see that
the output of the calculation depends sensitively on the choice of the parameters. At
present, I think it is fair to say that the current theoretical status on the subject of
badronic production of charmed particles is still very primitive. To improve the situation,
experimental groups have to provide better data. Unfortunately, even though the study
of charmed particle physics has almost 8 years of history, high statis'tics and precise

experimental data (especially on the hadronic production) are still very scarce.

1.2 EXPERIMENTAL METHODS

Let us now look at two important properties of the charmed particles that cause the
study of charm physics to be not a simple matter. First, the smallness of the production
cross-section sets a certain level of difficulty for the experiments. In a Fermilab fixed
target experiment for example, the 20-50 pb production cross-section of charmed particles
is about 3 orders of magnitude smaller than the total hadronic inelastic interaction cross

section. Therefore event triggeribility for the experimental apparatus is paturally




q>xm.<c gj}""-<c QIC g}<C
g’ g ¢ g & ¢ ¢

Figure 1-3: Quark-quark and gluon-gluon fusion diagrams

L HX{

Figure 1-8: Ol'der'-a'2 diagrams for charm excitation

quark in beam /

=y

Figure 1-4: Charm excitation




£ loo] 9
[ 4
- [
(=]
€ 1 1
g - p
2 :
104

/' 20 so T 40 %0 €0
T T k] 1 Ll : 1

Figure 1-86: Hadronic production cross-section

(1)v/S=C.M. energy. (2)Sobid line: Monte-Carlo charm excitation caleulation with
tpiy=m /4. (3)Dashed line: Same as (1), ¢, =m ?/2. (4) Dotted line: Fusion model
calculation. (see references [69, 11])




10

required. Most of the spectrometer experiments, without a vertex detector, select special
decay channels of the charmed particles as a means of detecting the charm signal. For
example, the CERN ACCMOR collaboration at CERN [42, 43] is designed to look for the

production of charmed particles in 7-Be interactions such as

7  Be—=D"+D"+X (1-12)

A charm event is identified by tagging the electron from the semileptonic decay of one of
the D particles and measuring the hadronic decay mode of the other D particle (such as
DO — K~n%). At Fermilab or SPS energies (~ 400 Gev), the mean charged multiplicity
per hadronic inelastic interaction event is about 12-15 (total number of secondary
particles is about 18-22). In order to establish the D? signal as mentioned above, one has
to loop through all possible combinations for all of the particles detected. This kind of
combinatorsal background together with the fact that most of the spectrometer
experiments have limited acceptance are the two major disadvantages for this type of
experiment.

Second, as listed in Eq. 1-6 to Eq. 1-9, the lifetimes of the charmed particles are very
short (~1071% to 10712 sec.). In a fixed target experiment, with 300 Gev/c incident

hadrons the decay distance is about 400 pm (assuming central production, Xp ~ 0 and r,

~ 10713 sec.). The average distance, s, between a decay track from a short lived particle

and the primary vertex can be estimated (in the relativistic limit) as [77)

<s/fer> , = n/2 (1-13)

=5 ~ 40 pm

Experimentally, the best way to measure the lifetimes is with a 47 acceptance visual
vertex detector. Visual detection of the charmed particles can also avoid the dependence
of detection on a specific decay mode (like the D® — k~™x* mode mentioned above).
However, to obtain 40 pm resolution for a visual detector is not a simple task. So far,

there are three kinds of visual detectors performing experiments to study the charm
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physics. They are the emulsion czperiments, the bubble chamber ezperiments and the

streamer chamber ezperiment.

The emulsion technique can provide excellent resolution (~ 1 pm). However, a
considerable scanning effort is required since the emulsion stacks are not triggerable (see
for example references [8, 9, 24, 40, 35]). A typical example for the high resolution bubble
chamber experiment is the CERN LEBC collaboration [31, 14, 36, 37, 38]. This bubble
chamber has been exposed to both pion and proton beams and the resolution is reported
to be about 30-40 pm. The bubble chamber technique shares the same disadvantage as
the emulsion experiment, namely, it can not be triggered and therefore the charm-event

yicld per picture is still of the order of 10~3.

The streamer chamber, a triggerable visual detector, provides a means to vastly
improve the charm yield per picture. To detect charmed particle decays however, the
streamer size (typically 1-2 mm for conventional chambers) must be significantly reduced.
(As we will discuss in chapter 2, the streamer ssze can indeed be gotten down to the
range of 40-50 pm). Based on this strategy (triggerablity + visual detector), starting in
1975, a high resolution streamer chamber has been proposed, designed and constructed by
an experimental high energy physics group at Yale University under the leadership of
Professor Jack Sandweiss. Table 1-1 lists a brief history of the R & D of this streamer
chamber. All of the items included in this table will be discussed in detail in the following
chapters.

Two experiments, Fermilab E-490 and E-630, have been performed with this streamer
chamber. For both experiments, the streamer chamber was triggered on the detection of
the prompt muon from a charmed particle (i.e. utilize the weak muonic decay of the
charm quark as a signature of the hadronic production of the charmed particles. See
figure 1-1-(a)). The prompt muons were required to be produced in an angle between 30
mr and 250 mr with respect to the beam direction and a minimum energy of 3.5 Gev and

6 Gev for the E-490 experiment and E-630 experiment respectively.

The E-490 experiment was set up in the M-1 beam line of the Meson Laboratory,
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Fermilab in 1978. This was actually a test run for the chamber and the result bas been
published in 1980 [28]. In this experiment, 350 Gev protons were focused and directed
into the chamber where interactions between the protons and the chamber gas
(80%6Ne-10%He, 300 psia) occurred. The production of charmed particles was signaled by
energetic muons ( > 3.5 Gev) from the semileptonic decay of the charmed particles. This
epergy selection was achieved by requiring the muons to travel through several hadron
shields which were stacks of steel to filter out hadrons generated by the primary
interactions. The events were recorded on film which was then developed, measured and

analyzed.

In the E-830 experiment, which was set up in the Proton-Center experimental area of
Fermilab with a high energy (~330 Gev average energy) collimated neutron beam instead
of a proton beam. The trigger and apparatus were essentially the same as the E-490
experiment with the exception that two iron toroidal magnets were added at the end of
the hadron filter to provide measurement on the muon momentum. The minimum muon
energy was raised to 6 Gev with the addition of these toroids. The streamer chamber was
also upgraded for this experiment. The reason that a neutron beam was selected for
E-830 was to elliminate the presence of the beam tracks in the pictures’. From the
experience of E-490, the charged particle beam tracks will often obscure the vertex region
and make the forward jet area even more complicated (sometimes generating extra
confusion when measuring the events). In the following chapters of this thesis, I will
concentrate on describing the E-630 experiment. Chapter 2 includes detailed descriptions
of the streamer chamber and the related high voltage devices. Chapter 3 describes the
peutron beam line and the experiment. (A more detailed discussion of the muon
spectrometer and the proportional wire chambers will be given in another thesis [78].)
Chapter 4 discusses the data acquisition and film measurement. In chapter 5, the miss-

distance calculation used in analyzing the pictures will be discussed. Finally in the last

IThe disadvantage of using neutron beam is that it is very difficult to construct a monochromatic neutron
beam line therefore it will be much harder to extract information on the C.M. energy of the interactions
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chapter I will summarize and discuss the results of the calculation of the production cross-

section.

YEAR ACTIVITIES

1975 " Design and proposal of the Yale stresner chambor.
1976-1978 Construction and tests.

1978 E-490 experiment; M-1, Fermilab; 350 Gev proton besm.
1880 Test of laser triggered Blumlein spark gaps.

1981 E~630 set up; Proton-Center, Fermilab; Neutron beam.
1982 E-630 experiment.

Table 1-1: R & D history of the Yale high resolution streamer chamber




Chapter 2

THE STREAMER CHAMBER

In this chapter, I will discuss the operational principles and the related high voliage
pulsing technology associated with the Yale high pressure streamer chamber. In the first
- section, before we discuss the structure of the Yale high pressure streamer chamber, 1 will
try to review briefly the theory of electron avalanche and the streamer formation. This is
actually one of the subjects of gaseous discharge. A great deal of theoretical and
experimental studies on gaseous discharge, avalanche, streamer and spark formation have
been done over the past decades and many instructive descriptions on these subjects can

be found in the literature (e.g. references (79] to [89] and [102]) .

The high frequency high voltage pulsing technology (such as the Marx generator, the
Blumlein system, the capacitive pulse monitors etc.) used in association with the streamer
chamber will be described in section 2.2, section 2.3 and section 2.4. The overall

performance of this streamer chamber and the related studies of various gas mixtures will

be reported in section 2.5.

14
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2.1 ELECTRON AVALANCHES, STREAMER F ORMATION AND

THE YALE STREAMER CHAMBER

When a charged particle passes through a gas, a trail of ions, electm;ls and excited
atoms (molecules) are created along its path (Ref. [79]; Chapter 1). If an intense electric
field is applied across the gas, the electrons will be quickly accelerated while the ions are
relatively stationary. As they accelerate, the electrons (or ions) will collide with the gas
atoms. For the case of isotropic scattering, the average fractional energy loss due to an
elastic collision of an electron with mass m, with an atom with mass M is

A 2m M .
B (m, + M)2 (2-1)

4 is approximately equal to %(( 1) form, €« M.

Hence, the electron gains energy until the average energy gained between collisions
equals to the average energy loss per collision. For sufficiently large electric field, some of
the electrons will have energy high enough to generate secondary ionization by colliding
with a gas atom. The pumber of electrons multiplies and the phenomena of electron
avalanche sets in.

Townsend's first ionization coefficient, o, is defined as the number of electrons
produced by a primary electron in traveling 1 cm along the electric field direction.

Therefore the number of electrons produced by n electrons in a distance dx (cm) will be

dn = n a dx (2-2)
and the number of electrons produced by single electron in a distance z (cm) is
n = ¢%* (2-3)

It can be shown by simple kinetic theory [79] that

a= li e~ Vin/IE (2-4)

where  is the collision mean free path of the electron, V,  is the ionization potential of

1
the gas atom and E is the applied electric field intensity. Using the relationship { oc 5

where P is the pressure of the gas, equation 2-4 can be writtenas




18
a = AP e AVn/E

or

2 = Ae-BPIE
5 Ae (2-5)

where A and B are constants.

The length of the avalanche along the field direction can be estimated as a function
of the time t

x~v_t=pu Et
where v_ is the electron drift velocity and p_ is the electron mobility.

The lateral size of the avalanche is determined by the diffusion of electrons transverse
to the electric field. Let us concentrate on the plane perpendicular to the field direction
and let r be the radial distance of ap electron from its original position after time t. It can

be shown by kinetic and statistical arguments [79] that the mean square of r is
2 -
<r?>_ =4D_t (2-6)

where D_ is the diffusion coefficient which is proportional to the thermal energy (3kT/2)
at zero field and D_ Oc EY?, approximately [86], at constant pressure.

As the avalanche grows, at some point the mechanism of the electron multiplication
changes from the avalanche phase to the streamer phase. A rapid longitudinal extension
of the avalanche (the streamer) occurs, at both the cathode and anode ends, which can
no longer be explained by the simple electron ionization collision process.

A commonly accepted model for the streamer formation was proposed by Lozaunskii in
1969 [82]. In this model, the photo-ionization process is considered as the dominant
mechanism for the growth of the streamer. When the number of electrons inside a single
avalanche approaches 108 [86], the space-charge field of the electrons and positive ions
becomes important and practically cancels the applied field at the middle of the
avalanche. (At this point, the whole avalanche acts like a dipole). Within the avalanche,
recombinations between the electrons and the ions emit photons which photoionize other

gas atoms. At either the cathode end or the anode end of the avalanche, the local field is
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80 much enhanced that a secondary avalanche is quickly developed. At the cathode end,
the newly created electron cloud merges into the positive tip of the primary avalanche
and neutralizes it, leaving behind positive ions with about the same density as that of the
primary avalanche. A similar process takes place at the anode side. This phénomenon is
usually called self-sustaining streamer.

The avalanches quickly merge, leaveing the central body of the streamer as a neutral
plasma. The transition between the avalanche phase and the streamer phase occurs when
the number of electrons in the primary avalanche reaches about 108. According to
equation 2-3, e®Xu =,10% or

aXy, &~ 20 (2-7)
Equation 2-7 is usually called the Raether Criterion and Xyp =~ 20/a is the Meek
Length. Figure 2-1, which is reproduced from Ref. [79], shows a simplified sequence for

the streamer formation.

(o) ) )

Figure 2-1: Stages in the growth of a streamer

(a)Creation of seed electrons and positive ions. (b)Formation of an avalanche.
(c)Photons from recombinations produce more ion pairs. (d)New avalanches produced at
the head and tail of the initial avalanche. (e)avalanches merge into a streamer.

After the tramsition from avalanche to strcamer, if we keep supplying the electric
field, the streamer will keep growing until a strip of conductive plasma between the two

electrodes is established and electric breakdown occurs (a spark). A spark chamber
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Figure 2-2: Spark chamber

PULSE PULSE - SHAPING
GENERATOR SYSTEM

N
o
N

Figure 2-3: Operational scheme of streamer chamber
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operates in this mode (Figure 2-2). For a streamer chamber, if however the high voltage
across the chamber electrodes is terminated before the streamers develop into sparks, the
primary seed electrons along the paths of the charged particles transfer into localszed
streamers which are self-luminous and can be photographed. Figure 2-3 is a schematjc
diagram of the streamer chamber. C, and C, stand for the charged particle detectors
which provide the trigger signal for the generation of high voltage pulses. When viewed
along the electric field direction, the pictures of charged particle tracks taken from a
streamer chamber are similar to the pictures taken from a bubble chamber. A great
advantage of the streamer chamber over the bubble chamber is that the streamer
chamber is triggerable. (It is possible to operate the streamer chamber with a memory
time of few microseconds.) The major limitations on the track resolution of the streamer
chamber come from ihe thermal diffusioﬁ of the seed electrons during the unavoidable
time delay between the passage of the particle and the arrival of the high voltage pulse.
The track width depends on both the streamer size and the area of diffusion of the
primary electrons. (A new irick to bypass the problem of thermal diffusion is to store the
track information on negative ions or excited molecular states which have negligible
diffusion. At the time this thesis is written, tests on these schemes are in progress at
Yale).

The streamer chamber was first used as a particle detector by the Russian scientists
G. E. Chikovani et al. [87, 88] and B. A. Dolgoshien et al. [89] in the early sixties. Later
on, a great deal of pioneer work on the streamer chamber was done at SLAC [95].
Conventional streamer chambers operate at a pressure of about one atmosphere with field
intensity in the order of 15 KV/cm and high voltage pulse duration of about 10 ns. The
streamer size (transverse to the electric field) is on the order of few millimeters [118, 119]
which is much bigger than the required resolution for the detection of the charmed
particles (see the discussion in chapter 1, equation 1-13 for example).

The basic idea of the Yale high pressure high resolution streamer chamber is to apply
a very high field on a high pressure chamber for a very short time (see also references

[108] to [110]). Figure 2-4-(a) illustrates an avalanche in which the gas pressure is Py,
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Figure 3-4: Scaling principle of avalanche formation
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electric field intensity is E,, the pulse duration is to and the avalanche length is X,
Figure 2-4-(b) shows another avalanche with pressure equal to 2P, field intensity equal to
2E,, pulse duration equal to 2ty and the avalanche length equal to Xo/2.. The distance
required for an electron to be accelerated to a certain value of energy in (b) is.about ] /2
of the distance required in (a). On the other hand, the mean free path of ionization
collision in (b) is also about 1/2 of the mean free path in (a). Therefore one would expect
that the total number of electrons in (a) and (b) are the same. Let us take the situation
with thé same gas temperature for both cases. This implies that the electron drift
velocity will be the same! for both (a) and (b). Thus the time required for the avalanche

in (b) to develop is about 1/2 of the time required in (a).

We may also look at this scaling principle using the simple kinetic formulas.
According to equation 2-5, a Oc P when E/P is constant. From equation 2-7 we thus
have the Meek length Xy, 0c 1/P. The lateral size of the avalanche in figure 2-4-(b) is
also expected to be smaller than that of figure 2-4(a). The diffusion coefficient of electron
under an electric field can be approximately expressed as (Ref. [79]; P.53)

El/2

D_ oC ’];m (2’8)

since EOc P, D_oc 1/P.

If t is proportional to 1/P then the avalanche radius (Eq. 2-6) is
I N 1
<r >‘v = 4D_t&: —-l-D- (2-9)

Now, let us apply this simple picture of the scaling principle to to our streamer
chamber. At one atmosphere of 90%Ne—10%He, with an electric field of about
15 KV/cm and 10 ns pulse duration, the size of the avalanche in a conventional streamer
chamber was of the order of 1 mm [86, 95]. The high voltage pulse of the Yale high

pressure streamer chamber was designed to be in the order of 150 to 200 KV across a

1
y_oc p_Eand p_ox 5
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chamber gap of ~ 0.5 cm with ~ | ps pulse duration. This amounts to an electric field

of about 300 KV/em, 20 times higher than the conventiona!l chamber and a pulse
duration 10 times shorter than the conventional chamber. \

The chamber pressure was
designed to have a maximum pressure of 600 psia, 40 times higher than the conventional

case. According to equation 2-9, we have:

(20)1/2

D_ (300KV/cm; 40atm) —(;E)'ﬂz D_ (15KV/em; 1atm)

and the size of the avalanche \

R(.'SOOKV/cm; 40atm) ~ v0.018x0.1 - R(lSKV/cm; 1atm) ~ 0.04 mm \

-

Therefore the streamer size should be ~ 40 pm by operating the chamber in the
avalanche mode. . \
Figure 2-5 shows the drawing of the assembly of the Yale streamer chamber. The \
Blumlein boz, which contained the pulse shaping system? as illustrated in figure 2-3, was
attached to two G-10 disks which were fixed inside a big G-10 cylinder. Extending from
the Blumlein box was a parallel plate transmission line which carried the output HV

pulses from the pulse shaping system to the chamber electrodes.® This transmission line

was also mounted on G-10 supporting columns inside the same G-10 cylinder. The whole
cylinder, as an integral unit, was inserted into a large stainless steel pressure vessel which
was designed to have a maximum pressure of 40 atm. The size of this stainless steel
vessel was about 274 cm long, 61 cm in diameter with 2.5 ¢cm wall thickness. The front
end of this vessel was covered by a 10 cm thick G-10 flange with a penetration hole at the |
center. An aluminum cylinder which carried the high voltage pulses from the Marx
generator? (the HV pulse generator illustrated in figure 2-3) to the central electrode of the

Blumlein system was inserted through this penetration hole and sealed against the G-10

2The Blumlein system will be discussed in detail in section 2.3
3The transmission line and the traneparent electrodes will be discussed in detail in section 2.4

4The Marx generator will be discussed in section 2.2




23

flange with O-rings. One end of an aluminum vessel, which contained a coupling resistor
between the Marx generator and the Blumlein system and a resistive monitor for
monitoring the Marx output (see section 2.2), was attached to the surface of this G-10

cover flange and the other end was attached to the Marx generator (figure 2-9).

The beam ports were two symmetric stainless steel reentrant cones located at both
sides of the transparent electrodes (figure 2-5). The beam windows on the tip surfaces of
these two beam cones were made of 50 pm stainless steel with surface area of about 4 cm
by 0.5 cm. The window and the beam cone were metal-sealed against each other. The
edges of the openings on the beam cones were very carefully machined such that when the
streamer chamber was pressurized (or evacuated), the deformation of the 50 pm windows
followed smoothly the contour of the openings. This type of beam window structure was
tested in the machine shop before it was applied to the streamer chamber. During the
tests, the windows constantly broke at pressures higher than 1000 psia after more than
100 pressure-vacuum cycles. For more than 6 years operation of this streamer chamber,

no damage (or leakage) on the beam windows was observed.

The optical system consisted of two lenses, one above and one below the transparent
electrodes, viewing the streamers in the end to end direction. The two optical axes, which
connected the centers of the lenses to the center of chamber, subtended an angle of
(180-7) degrees. That is to say the optical system had a 7-degree stereo angle which
provided information for the 3 dimensional reconstruction of the charged particle tracks.
One of the lenses had a 4 inch focal length and the other had a 6 inch focal length. The
reason for using two different focal lengths was simply that the two lenses were on hand
(Perkin-Elmer lenses manufactured for the Yale PEPR system). The 6 inch Perkin-Elmer
lens was later replaced with a Schnider Componon-S 150 mm lens. The two views were
arranged such that they both had a demagnification factor of about 2/3. In this set up,

both lenses had a resolution of about 30-40 pm with a depth of field around 2.5 mm®.

5In the actual setup, we did not observe any noticable variation in the resolution of our optical system by
adjusting the focal plane of the lenses through the 4.5 mm gap of the chamber electrodes
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As will be explained in section 2.5, the pictures of the streamers were recorded
through image intensifiers. The images of the streamers were actually focused on the
photo-cathode of the image intensifiers and the cameras were mounted suci: that the film
(35 mm Kodak S.0. 143 film) was pressed against the fiber optic output windows of the
inage intensifiers. The cameras used in this experiment were originally used on the 2]
inch and 30 inch bubble chambers at Brookhaven National Laboratory. Many mechanical
and electrical modifications were required to make the cameras suitable for use on the
streamer chamber. To ensure good contact between the film and the the fiber optic
surface of the image intensiﬁer, a rubber diaphragm was mounted in place of the vacuum
platten. This rubber balloon was inflated by compressed air to push a layer of mylar
forward which in turn pushed the film against the image intensifier. Before advancing the
film, the rubber was flattened again (by vacuum) to allow the film to move smoothly.
These cameras, as finally modified, were capable of being operated at about 6 frames per
second without mechanical failure.

The most annoying problem caused by these cameras was the electrostatic discharge
between the film and the metal body of the camera or between the film and the image
intensifier. This electrostatic discharge caused tree-like images on the film. This problem
was finally solved by increasing the humidity level in the streamer chamber house (the
RF bouse) which served mainly as RF shielding cage to isolate the high l"requency noise,
generated by either the Marx generator or the Blumlein system, from interupting the
electronic setups of the experiment and the beam line area. (The need for the shield cage
was evident from the fact that the leakage RF noise from the streamer chamber would
(unshielded) automatically trip off the fluorescent lamp outside the RF house and the
CAMAC crate for the beam line electronics.)

By comparing figure 2-5 with figure 2-3, we can see that in order to have a complete
streamer chamber system, it was necessary to incorporate a pulse generator. The type of
pulse generator used in this experiment is a combination of a Marx generator and a spark

gap switched Blumlein line. These components are discussed in the next sections.
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2.2 THE MARX GENERATOR

As it is illustrated in figure 2-3, a complete streamer chamber system consists of the
following parts: the trigger devices, the high voltage generator, the pulse shaping device
and the chamber body. The trigger devices for this experiment will be described in
chapter 3. In this chapter 1 will mainly concentrate on describing the streamer chamber
itsell. In the previous section, we estimated the required high voltage pulse for our
streamer chamber is on the order of 150 KV to 200 KV with about 1 ns pulse width. In
high voltage pulsing technology, this kind of fast, high voltage pulse is usually generated
by coupling a pulse shaping system to a high voltage generator. First let us discuss the
high voltage generator.

In principle, many kinds of high voltage pulse generators (or even a DC power supply)
can be used to generate high voltage as the input to the pulse shaping device such as the
Blumlein-line system. In practice (basically for economic reasons), the Marx generator is
the most commonly chosen high voltage generator for this kind of application. The Marx
generator is a triggerable device comsisting of multiple stages of capacitors and low
impedance switches. The capacitors are connected to a DC power supply and charged up
in parallel to a high voltage, V,. The output voltage of the Marx generator is obtained
by discharging the capacitors in series through the switches. Therefore the peak output
voltage of a Marx generator is approximately equal to the sum of the voltage across each
stage of capacitors (i.e. n-V, for the case of an n stage Marx generator). For most high
voltage applications such as the streamer chamber pulse generator, spark gaps are used as
the series switches of the Marx generator.

Figure 2-6 shows a simple 5 stage Marx generator circuit. Initially all of the
capacitors are charged up to V,. When the trigger pulse causes the breakdown of the
first switch, S;, the rest of the spark gaps are over stressed by the discharge of the first
stage capacitor. These gaps are adjusted such that they will break down at this over
voltage. |

Since all of the spark gaps break down almost simultaneously, the risetime of the




27

HV & AA A~
VWV —VVW/ VWV VWWY/
TRIGGER | o p p —1
— L - —
- T_vs T—5% 95 T__9%5 T _oureur

,;.

MARX GENERATOR

Figure 3-8: Example of an MARX GENERATOR circuit

TO RESISTIVE DIVIDER

L R L2 R3 : MONITOR
2.7un 100 O.4uh 100N M .
900 pf I . : ReS10n
¢ % ! prng Ca
T 1200 n (s
MARX : COUPLING * BLUMLEIN
RESISTOR
Figure 3-7: Equivalent circuit for the MARX-RESISTOR-BLUMLEIN system
624N
BNC CABLE
3XKn  3Kn
M G AAMNN—ANNA son
(TUBULAR CABORUNDUM)
94n =
Figure 3-8: Equivalent circuit for the resistive divider monitor

Pickoff ratio = 0.001




28

|

t.

arging curren

u/ .H
H
A
I0NVIs 43403 01-9- - 11/0001)
J . §- ¥30IM0 JALSIS TN
7 R BOLINON XuWYN
/A u 0009
N
N AN
CZZrrzerr zZz 7z LA N
B Retd [T - e
P E yiol N NN 1S4 02
a.go.-oJﬂ.ﬂﬁ\ ﬁg /.,/ N ” ﬁ k / :.J
‘.. ‘L0, OOy
: 5 N/ /”1/ ~\ J
NS MHSNG
NN 1NdLN0 xuwm A
AN
////r/
f/////, —
N -
123140 AR
MIuaisa 00 RO

,/mmNHmHm,._.f }tg
, ; | [ 17
YL R 08 Ll Lo ./lflgh
NOISSINS Y Y, PR BRI § RS
. 30mvsd I N NSO

-

/ —
wpenma'l ///M/ 0151530
) : . SN ONINdN0d B 00!
., r/l/ \]
. NN
. v SOV
SNISNON ¢¥d Ry o OO
»uv4s 0i-9 e - NSNS
-1, . NN N
AN OVY
RNSA 2
/////
.. . /r////
YZIT?TTZ T TP T TT 7 NS
N \|

AR
NNYL JWNSS Jue \ // N
128 ssIwenis REERN

aluminum vessel which also acts

de a 20 ps

as a ground return for the Marx ch

Figure 2-9: The coupling resistor and the resistive divider monitor, located
as shown




29

Marx output pulse depends mainly on the overall switching time of the spark gaps (this is
usually negligible), the inductance of the Marx generator and the RC time constant
between the series capacitace and the load resistance (assuming that the inductance and

the impedance of the spark gaps and the load inductance are all negligible).

Generally speaking®, the stability of the Marx output pulse depends strongly on the
performance of the spark gaps. A conventional method of improving the simultaneity on
the breakdown of the spark gaps is to let all spark gaps scc the first trigger gap such that
when the first gap fires, the UV generated will preload the rest of spark gaps and cause

them break down easily-under over voltage condition.

The Marx generator used for the Yale high resolution streamer chamber (during the
EXP-630 period) was developed to our specification by the Pulsar Associate Inc.? (Pulsar
model 400). Because we originally planed to incorporate the laser triggered switch
technique with our Blumlein pulse shaping system (see section 2.3), the time jitter
between the trigger signal and the Marx output pulse should be as small as possible.
Figure 2-12 shows the oscilloscope traces of 30 Marx output pulses. The scope was
triggered by the triggering signal for the Marx generator. The overall time jitter in the
Marx output pulses was about 5 ns.

The output bushing of the Marx generator was connected to the Blumlein pulse
shaping system (Sec.2.3) through a 100 {2 low inductance resistor. As will be discussed in
detail in the pext section, the Marx output pulse sees the Blumlein system as a capacitor
shunted by a small resistor (few ohms; i.e. the spark). The effective impedance of the
Blumlein was small compared to the 100 {2 coupling resistor. Therefore most of the
energy was dissipated by the coupling resistor rather than by the delicate Blumlein
system.

Figure 2-7 is an equivalent circuit for the Marx-resistor-Blumlein system, L, is the

8Detailed discussions on the Marx generator can be found in references [79, 90, 91, 95]

7A division of Physics International
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estimated effective inductance for the section of the coupling resistor, C, is the
capacitance of the Blumlein system and S represents the spark gap of the Blumlein with
impedance R, when the Blumlein breaks down. At point M, a low indu.ctance 6000 2
resistive divider with about 8 ns rise time in response to a step pulse (see figure 1 of
Ref. [99]) was used for monitoring the Marx output pulses. The pickoff ratio of this

resistive monitor was about 1000:1.

Figure 2-8 shows the equivalent circuit for this monitor. Both the resistive divider
and the coupling resistor were made of tubular carborundum and were shielded by an
aluminum vessel (figure 2-9); this vessel was used as the ground return for the charging
current and was pressurized to 20 psia with dry air to prevent HV breakdown between the
resistors and the ground. The resistive monitor with its coaxial shield was essentially a
resistive (lossy) transmission line with a coaxial return. As is mentioned in reference [99),
this type of transmission line was the first transmission line problem to be solved
analytically by Lord Kelvin in 1854, 20 years before Maxwell's Treatise on Electricity

and Magnetism. (The solution is also reproduced in [99).)

Figure 2-10 shows the calculated pulse shape at point M of figure 2.7 (with the
condition that the Blumlein electrodes do mot break down). The value of L, was
estimated to be 0.4 ph and C, was taken as 100 pf. Figure 2-11 is a scope picture of the
pulse from the resistive divider monitor. The similarity between these two pictures is
very obvious. Figure 2-12 is a scope picture of the monitor pulses with the sharp traces
indicate the breakdowns of the Blumlein spark gap. As can be seen from this picture, the
Blumlein system was adjusted such that the switching spark gap in the Blumlein line

broke down at the peak of the Marx output pulse.
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Figure 3-11: Oscilloscope trace of the Marx monitor pulse
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Figure 3-18: Marx output pulses from the resistive divider monitor
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(30 shots; 10ns/Div.) Pulse amplitude is about 250 KV and the rise time is about 50 ns.
The scope was triggered by the trigger signal for the Marx gemerator. The sbarp
switching traces are due to the break down of the Blumlein electrodes (Sec 2-3)
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2.3 THE BLUMLEIN PULSE SHAPING SYSTEM

The output pulse from the Marx generator, as it is shown in figure 2-11, is certainly
not suitable for our streamer chamber which requires a pulse voltage in the- range 150 KV
to 200 KV with pulse duration in the order of 0.5 to 1 ns. A Blumlein pulse shaping

system is therefore added to modify the pulse shape from the Marx generator.

The way the Blumlein-line system works can be understood by considering the
three-electrode diagram in figure 2-13. The two outer electrodes A and C extend to form
a transmission line ¢ and the front section of this line is separated into two equal lines, a
and b. Let us assume that the line impedance of a and b are equal to Z; and the
impedance of line c is equal to 2Z4. Electrode A is grounded and the central electrode, B
is charged up by the Marx generator to +V,. At time t=>0, the switch S (spark gap)
between electrodes A and B is closed. This will cause the charge on the central electrode
to flow onto the electrode A. This is equivalent® to generating a wave with amplitude
equal to —V, traveling to the right of line a. Let us label this wave as Vi"=-—Vo. At
t = r = L/c, this wave reaches to the junction of the three lines where the wave sees a

total impedance of 3Z;, across line ¢ and line b (series sum). Part of the wave,

VI = —Vg[(82y=Zo) / (3Zg+Zy)] = ——5 V, will be reflected back to the left of line a
and the rest will be transmitted to the series composition of line ¢ and line b. The total
current must be conserved, therefore I, =1, —I = ——l—, (Vo / Zp) and the total voltage
across line ¢ and line b will be 32,1, = -—:; Vo Among this voltage, 2/3 of it will be
distributed across line ¢ and 1/3 of it goes to line b (electrode B relative to electrode C).
Thus the part of wave transmitted to line ¢ will have amplitude equal to V with the same
polarity as the incident wave (V_=—V,).

If we label the part of wave transmitted to line b as Vi=V,—Vg, then
V;=—13(—-92- Vo)=—l2 Vo We see already that the two reflected waves, VI and V7, are

equal in amplitude yet opposite in polarity. At time t=2r, both reflected waves reach the

8Let us assume that the switch, S, is an ideal perfect switch (i.e. with 0 inductance and 0 impedance), and
the closure of the switch will not affect the line impedance.
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front end of line b and line a where they sce opposite boundary conditions. The V7
encounter a shorted end whereas V} sees an open end. Therefore upon reflection at the
front end, the two doubly reflected waves will be equal in both amplitud; and polarity
(%VO)' At time t==37, these two waves travel back to the junction again and add up to a
total voltage of +V, which cancels out the ~V, wave on line c. The net result is a pulse
(rectangular, for the ideal case) of 27 duration, starting from time t=r, propagating to the
right in line c. The amplitude of this pulse is equal to the charging voltage from the
Marx while the polarity is opposite (figure 2-14).

Many methods can be used to carry out the detailed calculation for the behavior of
the Blumlein output pulse ( [92] and [100], for example). The method of reference [100],
which actually handles the transient bebavior of the Blumlein pulse, will be described

later on in this section.

Unlike most of the other streamer chambers which used a coaxial Blumlein lines, the
Blumlein system of the Yale high resolution streamer chamber consisted of 3 parallel
plates (figure 2-15(a) and figure 2-15(b)). The top and bottom electrodes extended to
form the main transmission line which guided the high voltage pulses to the chamber. All
three electrodes were made of aluminum 1 c¢m thick. The central electrode was a
rectangular piece with dimension of 20.5 ¢cm x 7 cm. The main reason for choosing a
parallel plate configuration for the Blumlein system was to avoid the complex transition
between a coaxial Blumlein system and the parallel plate transmission line. However, as
will be described below, we essentially sacrificed the line uniformity for this mechanical
simplicity.

In the original design (Fermilab EXP-490), there were 4 spark gaps between the
central electrode plate and the grounded plate to provide effective switching along the
input edge of the Blumlein. In the final operation mode (Fermilab EXP-830), only one
spark gap was used. Again, we will talk about the reasons for this change below.

As it is shown in figure 2-15, the box housing the Blumlein was made of fiberglass

(G-10) and the whole box was inserted inside two big G-10 disks (each about 60 c¢m in
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Figure 2-15: Cutaway and cross section views of the Blumlein Box




diameter and § cm thick).

The Blumlein box was pressurized to about 800 psia with dry air. (in the earlier
Fermilab E-490 experiment, argon gas was used). Since the whole Blumlein box was
inside the streamer chamber tank, which was pressurized to 600 psia (90%Ne-10% He), the
differential pressure applied to the Blumlein box was only about 200 psia.

The impedance of the parallel plate transmission line can be estimated with the

empirical formula [92]

(2-10)

7 = 1201 —— 02
W+s+T

where (figure 2-16) s is the spacing between the plates, W is the effective width of the

plates and T is the thickness of the plates.

o= S 1201
* W+S+T

(EFFECTIVE WIDTH)

be- w —o

\ v

a B3
}

Figure 3-16: Impedance of parallel plate transmission line

Equation 2-10 is a modification to the formula used to calculate the characteristic

impedance of the ideal parallel planc transmission line [63]

s
- — (2-11)
Z ‘/ph W
(\/Ms-s\/uo?co—l?o:r 12 for free space)
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The difference between equation 2-10 and equation 2-11 is that equation 2-10 takes into

account the effect of the fringe field from the rounded edges of the plates.

Since the main transmission line of our Blumlein system had polystyrene (€=2.25¢,) \

as dielectric material, the impedance was etimated as

120~ s

= == 26 2
™ V225 W4s+T \
(s=25cm,W=205¢cm, T=1cm)

For the two switching lines:

Z, = 1207 =130
W+s+T
($=077cm,W=205cm, T=1cm) \
Hence N
Z =27

To illustrate the properties of the parallel plate transmission line, take the function
el®t=72) 1o describe the wave propagating along the +§ direction and define k% = w?pe \
= (2nf)°pe. For waves in the TEM mode, 7° = — k? (for example, see Ref. [93]), so

that the waves propagate with no attenuation. On the other hand, the situation is

different for non-TEM waves. For example, consider TM waves and assume no variation \

in the ¥ direction (X perpendicular to the conducting plane). The equations for the \

electric field intensity can then be written as

2
S e (2 +1)E,

33

(2-12) \

[

.a_l;Y=-(72+k2)E

> y (2-13)
X
Define kf = 72 + k2

In order to satisfy the boundary conditions, Ey and E, must equal to 0 at x=0 and

x==s (s is the spacing between the conducting plates). Therefore k. = nn/s, n=integer

and

v=vVkZ - K =k V(kAF -1 =k VTA] -1 (2-14)
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where f. is the cut-off frequency. For a T™ wave with frequency less than f ¢+ 7 is real

and the electric field intensity attenuates as the wave propagates. For the case of our

Blumlein,
8 =0.77 cm and (take n=1) k. =T
0.77 cm
=
ck
fo=———=195x10"H,

Now, to conservatively estimate the maximum frequency of interest, we assume the
risetime of the Blumlein pulse is 0.5 ns, which corresponds to a frequency (at 3 db point;
Ref. [96], Sec 1-5, 2-7)

f=——0'—35—-g=o‘7 x 10° Hy

0.5 x 107

and k=0.147 em~! for this frequency. This implies y¥=4.1 cm™!. Fora 7 cm Blumlein,

“7=34x 107!, Hence we should feel safe to anticipate the dominance of TEM waves
in our Blumlein design. It is also interesting to mote that the smaller the spacing, s
between the two conducting plates, the higher the cut-off frequency. On the other hand,
one would like to have a bigger spacing in order to withstand higher voltage. Therefore
one would have to make compromises between these two factors when choosing the scale
of the transmission line.

In the early stage of the development of this high pressure streamer chamber (E-490),
the central electrode was supported from both sides and a small gap was kept between
the central plate and the high voltage charging lead from the Marx generator. When the
Marx fired, the voltage difference between the Marx lead and the central plate started to
build up and eventually this gap broke down before the Marx output pulse reached to its
peak voltage. The four spark gaps between the central plate and the grounded plate
would thus be pre-loaded with photoelectrons (from the argon gas) generated by the UV
from this breakdown. At this point, the central plate would also be charged up by the
Marx out.put pulse. By carefully adjusting the four spark gaps, we could manage to make

them switch simultaneously in some fraction of firings (about 50¢). This operational
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scheme has been used previously by a onme atmosphere streamer chamber [94]. We
operated the streamer chamber with this scheme for almost a whole year (Fermilab
E-490 [28, 108, 109]).

Figure 2-17 shows a sampling scope picture of the Blumlein pulse when the Blumlein
was operated with the scheme mentioned above’. The risetime of the sampling system
was about 70 ps. The two peaks in figure 2-17 represent the same signal with time base
displaced by 1.3 ns. The amplitude of the signal was about 90 KV and pulse width
(FWHM) was about 0.5 ns. Figure 2-18 is a scope picture of the pulses with 50 shots
overlapped. This picture was taken with a Tektronic 7904 oscilloscope which has a
risetime of about 0.8 ns. The high voltage pulse amplitude was about 150 KV.

The trouble with operating the Blumlein in this scheme was the unsatisfactory
stability of the Blumlein pulses due to the problem of syncronizing the four spark gaps.
Since we were aiming at a pulse width of about 1 ns, the four spark gaps were required to
switch synchronously at least within a few tenths of 1 ns. In order to improve the
situation, we tried to trigger the spark gaps with a mitrogen UV laser (A = 3370 nm,
pulse energy about 3-4 millijoules and pulse width of about 5 ns FWHM,; figure 2-19)

From the beginning of January 1980 to the end of March 1980, we set up a prototype
with narrower Blumlein and only 1 spark gap to study the technique of the laser triggered
Blumlein system. The time jitter between the laser beam and the Blumlein output pulse
was measured. With careful alignment of the optical system, this time jitter can be
worked down to about 1 ns (figure 2-19). Nevertheless when we tried this laser trigger
scheme on the four spark gap system, we could just barely make two gaps fire together
but were never be able to achieve four gap synchronism.

There are many experts in the subject of laser triggered switches (e.g. references [111]
to [116]). Their studies indicate that the time jitter between the laser pulse and the

breakdown of a spark gap depends strongly on the laser power density. As the power

%The Blumlein pulse pickoff will be described in Sec. 2.4



Figure 3-19: N, laser pulse; 2 ns/Div.

An EG&G FND-100 photo diode was used as the laser pulse monitor. The scope was
triggered on the Blumlein output pulse (see the picture below). The signal traces were
slightly contaminated by the RF noise generated by the Marx generator and the Blumlein
spark gap.
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Figure 2-20: The output pulse from the prototype laser triggered Blumlein system
20 overlapped traces; scope scale: ~ 42.5 KV/Div and 500 ps/Div
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density increases, the jitter decreases rapidly up to certain level (=~ 0.1 ns; [111]). Beyond

this level, the rate of decrease in the time jitter will decrease.

Insufficient laser power could only be one of the reasons why we failed to fire the four
spark gaps simultaneously. There were some other factors which were also not negligible.
For example, since the four spark were not electrically independent of each other, any
small jitter in the spark formation time would cause most of the current to flow through
whichever gap broke down first. Optical alignment was another serious problem in our
setup. The whole Blumlein box unavoidably moved slightly after the box was pressurized.
This mechanical instability caused the optical alignment to be extremely difficult. Any
small amount of misalignment in one of the gaps had to be compensated by balancing the
laser power (i.e. splitting the laser beam in different proportions). The net result was

simply to make the total laser power available even smaller.

It was almost at the same time as we were struggling with the laser triggered
Blumlein system that Professor R. Beringer at Yale made a series of elegant studies on
the behavior of the Blumlein system and the characteristic properties of a spark gap (Ref.
[97] to [101]). As is pointed out in these studies, the parallel plate Blumlein system
suffers from the same problem as the radial line because appropriate frequency waves are
not excited by the closure of the spark gap. This problem is actually rooted in the
inductive property of a spark gap as has been reported in the SLAC-74 streamer chamber
report (appendix A of reference [95]). The detailed mathematical arguments are included

in reference {100]. I will simply summarize the results here:
[A] Uniform transmission line

For a uniform transmission line of length L with one end shorted (figure 2-21), from
the consideration of standing waves, the normal mode spectrum can be expressed as
4L
A=

n=2012:-- 2-15
n 2n + 1 ( )

The corresponding wave frequencies are

T
w_ = (2n+1)— (2-16)
n 2r
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o L

K 1

Figure 2-21: Standing wave inside a uniform transmission line

L
where r = —
c

We also remember that a square function, V(t)=V, for 0 < t < 27, can be

represented by the Fourier series (e.g. Ref. [93], section 1.12)
v, =« 1 . 37
V(t) = ——Pfsin( —t ) + Loin(—t )+ ] (2-17)
T 2r 3 2r

we can immediately see that the component frequencies in the Fourier series is exactly the
same as the standing wave frequencies. Therefore the right frequencies can be generated
by shorting a perfect switch at one end of an uniform line. (We also recall that a step
pulse is generated when the switch closes in an ideal Blumlein system as discussed in the

beginning of this section.)
[B] Radial transmission line

For the case of the radial transmission line (figure 2-22; Also see Ref. [93], Sec. 8.12),
if we define the input wave impedance as Zi-eli‘,’-l/H‘,i and the load impedance

Z;=E, /H, then the value of Z; can be calculated according to the equation [93]

Z. =2, [ Zjcos(0,—¢y ) + j.ZOLas:n(Oi—-OL) (2-18)
Zo cos(v,—8,) + jZ, sin(y;—v, )
where
Nq(x)
= -1 0 -
6(x) = tan [ 1) (2-19)
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< D>

R

Figure 3-22: Radial line transmission line

J,(x)
Wx) = tan~! | —L__ 2-20
o= [ “N,(x) (2-20)
Gg(x)
Zy(x) = 9 2-2
o(x) va/e G, (2-21)
Gylx) = \/Jo!(x) + Noz(x) (2-22)
G,(x) = \/J,!(x) + Nl!(x) (2-23)
with
k = w\/pe

J[x) and N (x) are Bessel functions of the first and the second kind respectively (with
order v). The subscript, i or L, represents the value of a function calculated at the input
or load position. For example, Z; is the characteristic impedance, Z(kr), at the location
of the load.

In figure 2-22, the central column with radius R represents the shorting spark with
finite diameter. Therefore Z; can be replaced by tero if we assume E =0 at r equal to

R. Equation 2-18 can be rewritten as (r and R are defined in figure 2-22)
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oin[kr)—NKR)]
cosY{kr)-LR)]

2(kx) = jZy{kr) (2-24)
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Figure 3-23: Plots of Zj, Gy, G,, ¥ and # as functions of kr

A plot of the functions Z,, G4, G,, # and ¢ vs kr is given in figure 2-23 which is
reproduced from Ref. [93]. In this plot we can see that the Z, stays approximately
constant only when kr > 3.5 . At small values of kr, the value of Z, changes rapidly.
This is far from the property of a uniform line.

Equation 2-24 also shows the inductive property of the radial line. Figure 2-24 (from
Ref. [08], P.6) illustrates the value of Z(kr)/Zy(kr) as a function of kr. (Where kR is
taken as 0.02.) As we can see from this plot the radial line starts out inductively at
r > R and reaches to infinity at kr equal to 0.817, 4.21 and 7.39 etc. These poles
correspond to the resonant frequencies fy==0.817c/2nr, f,==4.21c/2sr and f,==7.39c/2nr

etc. These resonances are not harmonically related to each other as the case of the
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2%R/ X 21rr/k0 2nr/A N 2nr/) 2
0.0001 0.510 4.91 7.19
0.0005 0.565 4.04 7.22
0.001  0.596  4.06 7.24
0.005 0.686 4.12 7.30
0.01 0.742 4.16 7.3¢4
0.02 0.817 4.21 7.39
0.05 0.94 4.31 7.48
0.10 1.08 4.42 7.59
2.00 2.33 5.55 8.70

Figure 2-24: Plot of Z(r)/Z(r) vs kr
and the list of poles in Z;(r)
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uniform line (equation 2-16. Therefore a radial line does not provide the right normal

mode frequencies for a rectangular pulse.

The inductive property of the radial line described above comes from the geometric
property of the central column (the spark) in figure 2-22. The inductance of this spark

can be estimated as
ps r
L=—In(— -25
on ( R) (2-25)
where, again, r is the radius of the line, R is the radius of the spark and s is the spacing
of the line. We can immediately see that the inductance of a spark depends strongly on
the distance of the gap and the diameter of the spark.
Equation 2-24 is in fact a wave smpedance, to calculate the total impedance we
have to take into account the relationship V=-E s and 1=2xr-H e Hence the total

input impedance

. _ (k) sin|f(kr)~&kR)] (2-26)
total = 4 57 %o cos[y(kr)—8(kR)]
2 2 .
In the limit kr < 1, Jo(kr) ~ 1.0, J,(kr) = kr/2, Ny(kr) ~ — - ln o with
r
7=1.78107-+, N,(kr) =~ ———, {kr) =~ 0. Then
X

: r r  ps T -
Zz_ozal = js\/pfe N ln—ﬁ = jw - ln—R- = jwLs (2-27)

Equation 2-27 clearly explains the inductive property of Z,(kr) in figure 2-24.

After realizing this radial line problem, let us go back to our Blumlein. Since the
parallel-plate structure of our Blumlein system was so much closer to the case of a
shorted radial line, we might as well consider it as an RLC circuit, a combination of a
inductive switch L, capacitive parallel plates C and resistive load 2Z,. As a mater of fact,
the output pulse of our Blumlein (figure 2-25) was indeed very similar to the wave form of

a lumped RLC circuit (figure 2-26) where the current can be expressed as:

2
wy C
I(t) = -V, ——;a e 9! e — e 4] (2-28)
d
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Figure 3-26: The single gap Blumlein output pulse
FWHM ~ 1.4 ns; amplitude ~ 150 KV
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Figure 2-26: Lumped R—L—C circuit

By compariag Figure 2-25 with Eq. 3.28, we estimate that the inductance of the Blumlein
switch is about 8 x 10~ henry
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where a=Z/L, wy=1/1/LCand ad2=a2—w02. The risetime of this simple RLC circuit
is r=L/Z,. By comparing the risetime of the pulses in figure 2-25, the inductance of the

spark gap can be estimated to be on the order of 9 nh.

We concluded that in order to make a faster risetime and shorter duration pulse from
our Blumlein, we had to make the inductance of the spark smaller. (note: decreasing the
capacitance was not a solution since this would lower the total amount of energy stored

inside the capacitor initially)

In reference [94], Rohrbach reported on the improvement of the risetime of Blumlein
pulses with multiple spark gaps switched together. This is equivalent to lowering the
effective inductance of the switches. (The problem of multi-gap synchronism was not as
serious in his application as it is to us since the output pulse of his Blumlein was on the

order of 10 to 20 ns.)

In our case, we finally chose to keep only one spark gap and make the gap distance as
small as possible. The central electrode plate of the Blumlein was modified and attached
to the HV charging lead from the Marx generator. The Blumlein box was pressurized
with either dry air or nitrogen. We found that the pulse stability and risetime are slightly
better with air than nitrogen (this indicates that the spark switching time is slightly faster
in dry air than in nitrogen).

The dry air inside the Blumlein box was constantly flushed. The pressure of the box
was carefully adjusted to ensure that the spark gap fires on the peak of the Marx pulse
(figure 2-27). The spark gap was made of stainless steel. The radius of curvature of the
surface of the spark gap electrode was about 17 mm and the gap distance was about 2.6
mm. Figure 2-28 shows the output pulses of the Blumlein system with 30 traces
overlapped. The Blumlein box pressure was 780 psia with dry air and the Marx output

voltage (figure 2-27) was 250 KV. The amplitude in figure 2-28 was 165 KV.

The Is fetsime of the the spark gap was about 200,000 breakdowns on the spark gap
electrodes. (This corresponded to about 2 weeks continuous operation for the Fermilab

E-630 experiment.) By replacing the spark gap every 2 weeks and continuously adjusting



Figure 2-27: Marx output pulse; amplitude ~ 250 KV; rise time ~ 50 ns

The Blumlein box pressure is adjusted such that the spark gap breaks down at the peak
of the Marx output voltage

S { S ()

e ————

Figure 2-28: Blumlein output pulse; 30 overlapped traces; amplitude ~ 163 KV
Both figure 2-27 and figure 2-28 were taken at the same conditions. The Blumlein box

pressure was set at 780 psia with dry air. The spark gap distance was set at 2.6 mm.
These pictures were taken with Tektronic 7104 scope with ~ 0.38 ns risetime.
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the Blumlein box pressure, the output pulses were adequately stable during the whole
data-taking period of E-630 in the spring of 1982.

Before leaving this section, I consider that it is worthwhile to mention the beautiful
work of Professor R. Beringer on the calculation of the Blumlein system with inductive
switch [100].

The behavior of the Blumlein output pulse can be calculated with the technique of
Laplace transformation. Figure 2-30 schematically shows a Blumlein system in the four-
terminal network convention. L represents the inductance of the switch and [ is the
length of the switching lines. The characteristic impedance of the switching line is Z, and

the load (i.e. main line impedance) is 2Z,,

Using the four-terminal network transformation matrix, the transfer equations for a

tranamission line (figure 2-29) can be expressed as [117]

l VL
&, coahjw—c- —Zoamhju—c— £
1 | o
Iy _-Z-; coahjw-c— coshjw? L

where ! and Z are the length and the characteristic impedance of the transmission line.
Defining a = l/c and s =jw, the input impedance of an open-end uniform transmission
line can be calculated by letting £,/1, — oo or I,/{, — 0. We thus have, according to
equation 2-29, £,/1,=Zcothsa.

For the Blumlein diagram of figure 2-30, we obtain

(2-30)
é Z, coshas + Z,sinhas
Z, =2 =12, L 0 (2-31)
I, ZLomhas + Zocachas
£ = 21,7, = 26, —nhas (2-32)
3.7z ! (coshas + sinhas)*
and

L z
£ = £ +juld, = £(1+ fz— )= £(1+bs 2 (2-33)
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Figure 2-29: Transmission line
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Figure 2-30: Blumlein-line system
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dl
(we use the convention e = jw1 bere and define b=L/Z)

After some simple algebra, equation 2-32 can be rewritten as

e—08 ' (2-34)

€= ¢
3 0 bs + —:7+ %cothas

The transient behavior of &, can be expressed as y(t)=—V U(t), where U(t) is a step

function. The Laplace transform of £(t) is
\Y
éfs) = Liggh) = - —2

and the Laplace transform of £4(t) will be

e—dl e—ld
ble) == Vo s(bs + -%-I» —;—cotha.s) =% :E(-;)_ (2-33)
where
B(s) = bs + %+ —;-cothas
_ 1 — e-2ac
" (1 + bs){1 = [bs/(1+bs)je~ 2%}
Therefore
; v e—9¢ (1- 8—2“)
a8) == Vo s(1 + bs){1 — [bs/(1+bs)]e™>**}
e—aa_e—3aa bs ~2as bs 2 _—4ae
=V s(1 + bs) {l+(1 + bs )e +(l + bs ) ¢ +}
{ el e~3ae b e-Sat b2 s =708 }
T U0 g1 +bs)  s1+bsf (1+bs)  (Q+bs)
= -v,,{ f(s)e™2" — fy(s)e™3%% — fy(s)e™54¢ — f (s)e~ 70 } (2-36)
Using the relationship
- - F(t—=A)fort > A
L7 o) = Py L7 rope = (2:37)

0 forA>t>0

we can immediately recognize that the first term in equation 2-36 represents the main
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wave which takes time t==a to propagate from terminal 1 to terminal 3. The following

terms in equation 2-36 represent the successive reflections in the switching lines. For

example, f,(s) contributes only after t > 7a.

For the case of perfect switch (L==0), b=0. Therefore

&) = L7 {g6)]

-1 e~ 9¢_e—3ae
=-v,[7| =——— ]

= —V,{U(t—a) — U(t—3a))

where U(t) is, again, a step function. Hence £4(t) is a rectangular pulse as shown in figure

2-14.

For the case of inductive switch, by£0, we have

Ft) =L [t(s)] =1- et/
F3(t) = L-X [fs(s)] =] - (1 + _:)_)e—llb
Fy() = L7 i) = %(.%)e-t/b

F-,(t) = L—l [f'l(s)] = [%(_:)_)2_%(_:,_)3 ]e-—t/b

Fol) = L7 (o)) = [ Lo (o) + L (o)t o8

b b

Fua) = L7 6] = [ =) + 1)

b

And

&4(t) = =V, [ Fl(t—a)—Fs(t—3a)—Fs(t,—5a)—F7(t-7a) -]

_‘;)5 le=t/b

(2-38)

Figure 2-31 shows the plots of &(t) with time scale expiressed in the unit of a

(a=!/c). It is clear from these plots that the output pulse of the Blumlein system with

inductive switch will behave like a sdeal Blumlein pulse only when b < a/4 (or

L < Zyl/4c).

The leading edge of the Blumlein pulse follows the current rise through the

inductance L in series with a resistance equal to the impedance, Z,, of the switching line.
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The formula for the leading edge can be expressed [100] as
{{;'E‘(t,) = -V, 1—e—(Z/L)t=1/c) ) (2-39)
The risetime in equation 2-39 is equal to L/Z, (= b). In our case, the risetime of the

Blumlein pulse (b) was about 700 ps (figure 2-25) and a = I/c ~ 230 ps. Therefore the

pulse shape was worse than the first first drawing of figure 2-31 (where b equals a).
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2.4 THE WIRE ELECTRODES AND THE TERMINATOR

The output pulses from the Blumlein system were carried to the wire electrodes of the
streamer chamber through a parallel plate transmission line. This transm-ission line was
‘essentially an extension of the top and bottom electrode plates of the Blumlein system
(figure 2-15(b) and figure 2-32). The first section of this transmission line had.polystyrene
inside the line as dielectric material (60 cm long). The characteristic impedance of the
transmission line was designed to be around 26 {2 (Sec.2.3). The actual measured value
was about 24 2.

As discussed in Sec.2.3, the cut-off frequency for the non-TEM waves inside the

trapsmission line can be calculated as

= 4.0 x 10° Hz (2-40)

f =

n
¢ Ve 2
where s=2.5 cm (the spacing of the first section transmission line), \/e=2.25

(polystyrene) and n=1. Hence

v= I AR

C

for f=3.5 x 10° Hz (c.f. f,.,=0.35/r and r~0.1 ns), v=0.608 cm™!. The attenuation
factor e~ is equal to 1.4 x 10718 for =60 cm.
Thus after this section, the non-TEM waves in the transmission are basically negligible.
The second section of the transmission line was a transition section to convert the
dielectric material from polystyrene to gas. The key point in the design was to keep the
line impedance constant. This was accomplished by gradually decreasing the spacing of
the line and the effective thickness of the polystyrene. After this section, there was an
another section of uniform line (line spacing is 1.6 cm) which extended for about 41 c¢m
and then the spacing and width of the line were both decreased linearly, without changing
the value of the line impedance, such that the transmission line joined the chamber

smoothly.-

The body of the chamber was a pair of transparent electrodes which were two
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identical wire planes. Each wire plane was made of 50 micron diameter stainless steel
wire wound on a stainless steel frame with 150 micron wire spacing. The wire direction
was parallel to the direction of current flow on the transmission line. (In E-490, the wire
diameter was 25 microns with 100 micron wire spacing.) Figure 2-33 shows schematically

the structure of the wire plane.

In order to keep the electric field uniform over the whole fiducial volume of the
chamber, the two electrodes must be kept parallel. This was achieved by using a set of
Lucite clamps which surround the transmission line and were attached to the stainless
steel frame. The distance between the two wire planes was fixed to 4.5 mm giving an
effective depth of the uniform field of about 4 mm. The fiducial area of the transparent
region was 4 cm along the beam direction by 3 cm along the direction of the current flow

on the transmission line. Therefore the effective fiducial volume was 4 x 3 x 0.4 cm®.

Because of the high surge current on the transparent electrodes (about 6000 amperes),
the question of how to make a good electrical and mechanical contact between the
stainless steel wires and the chamber frame is not trivial. Various methods of soldering
and several conducting epoxies were tried yet none of these conventional methods
succeeded. In the final solution, indium wires were placed inside triangular grooves at the
edges (the junction between the wire chamber and the transmission line) of the stainless
steel frames. The stainless steel wires were wound over the indium and glued onto the
chamber frame, the indium wires were then pressed flat to let the indium flow around the
stainless steel wires (figure 2-33). With this method, we have not observed any trouble at
the junction between the wires and the chamber frames.

In the early stage of developing this streamer chamber, at the upstream and
downstream (current flow) sides of the transparent region, the edges of the metal frames
were shaped with a small radius of curvature to avoid sparking due to field concentration
on sharp edges. However discharges at these rounded edges of the frames, especially at
the side close to the terminator were observed. We believe that these discharges were

initiated by the small voltage difference between the wires and the metal frame. This
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Figure 3-33: The wire electrode section of the Streamer Chamber

problem was finally corrected by making the wire-frame junctions as 90 degree edges. No
indication of spurious discharge at these sharp edges has been observed.

After the chamber section, the spacing and the width of the transmission line were
both increased linearly again. In this way the highest electric field appeared only in the
vicinity of the wire electrodes. This configuration minimized the possibility of spurious
breakdown outside the chamber region.

The last section of the transmission line was a wedge-shaped matched terminator (see
figure 2-34). The key point in the design was to have the tapered plate carry uniform
surface resistance which compensates the decrease in the line impedance due to the

decrease of the line spacing. It can be shown (see reference [101]; the discussion on
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wedge-shaped load of reference [101] is also included in appendix II.) that this type of
wedge-shaped load is reflectionless for an incident TEM wave if

Zy= RSL— (2-41)

w .

where Z, is the characteristic impedance of the transmission line, R,, L and W are the
surface resistance, length and width respectively of the tapered plate (figure 2-34). In our
case W = 20 cm and L = 40 cm. The thickness of the surface resistor must be small
enough compared to the skin depth of this material at any frequency under consideration.

In this way the surface resistance, R, , is independent of the wave frequency.

Our first attempt at manufacturing the uniform surface resistance plate was to
deposit a thin layer (about 2000 X) of nichrome on a dielectric surface. This method
failed due either to mechanical or electrical damage during repeated pulsing.

A more satisfactory method of making the terminator uses the thick film resistor
(Cermet on Al,O, substrate) which is commonly used in integrated circuit manufacture.
The thick film resistors were commercially manufactured (about 25 pm thick and about
12 ohm/square)!®. Because of the limitation on the maximum size available for such
resistors, our terminator consisted of eight rectangular pieces of the thick film resistors
(figure 2-35). This kind of terminator has been used for about 5 years. However it is still
not perfect. After a considerable amount of pulsing, we did observe damage, especially at
the corner and edges of the rectangular resistors. The problem is probably due to the

difficulties in making a smooth-surface connection between the resistors.

Figure 2-36 shows the picture of the pulses on the transmission line monitor when the
terminator functioned normally (the capacitive monitor will be discussed below). Figure
2-37 was taken when the terminator was damaged seriously. Both pictures were taken
from the same monitor (the U-psckoff; U means upstream, close to the Blumlein box.

See figure 2-32). The pulse amplitude was about 170 KV for both cases. It is obvious

gm1/(R,t), and skin depth ém1/[rfuo]'/%. Therefore 6~138 pm at fa=d x 10° Hs. This is larger than
the thichness (t==25 pgm) of the resistor.
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Figure 2-37: Blumlein output pulse; terminator damaged.
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that an enhanced reflection from the damaged terminator appears in figure 2-37 .

Now let us describe the Blumlein/transmission-line pulse monitors (Ref. [109]).
Before and after the chamber section, there were several capacitive pickoffs (figure 2-32)
which were built into the grounded plate of the transmission line for monitoring the high
voltage pulses on the transmission line. These capacitive pickoffs were made of a 700 &
gold layer evaporated on a 25 micron mylar spacer 25 mm in diameter. This mylar piece
was glued on a coaxial fixture and a central pin was inserted through the mylar. This pin
was therefore connected to the gold layer after the gold was deposited on to the mylar.
This coaxial fixture was then threaded into the ground plate of the transmission line and
the capacitively coupled signal was transmitted through a 50 02 cable with a pressure

sealed feed-through to the outside of the streamer chamber vessel.

e

Since the thickness of the gold layer was small compared to the skin depth!! of the
waves with frequency in the range of interest (f , ~ 3.5 x 10° Hz). The pickoff
capacitive division factor can be estimated by the ratio of the thickness of the mylar
spacer to the spacing of the transmission line multipled by the dielectric constant of the
mylar(~ 2.8 at 1 GHz frequency). The measured values ranged from 1:1000 to 1:1600 for
different pickoffs.

The calibration of the division factor was done together with the measurement of the
transmission line impedance. The central conductor of a 50 2 BNC cable was connected,
through a resistor, to one electrode plate of the transmission line and the ground shield of
the cable was connected to the other plate. Square pulses from a mercury relay pulser
were fed into the BNC cable. By varying the value of the resistor until no reflection was
observed, the impedance of the transmission line was thus determined. The best match
was obtained by using two 51 f2 resistors connected in parallel, this gave the estimated
value of the transmission line impedance to be 24.5 £2. The division factor of the pickoff

was also measured in the same time. Figure 2-38 shows the picture of the U-pickoff

UFor gold, 0 == 41110 mhos/m, the skin depth & = 1/]mfuc]"/? == 0.0786/])!/2 == 1.33 x 10X for
fe=3.5 x 10° Ha.
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response to a 500 V square pulse from the mercury pulser.

Figure 2-39 shows a scope picture of the Blumlein pulse taken from the T-pickoff.
(T means close to the terminator. See figure 2-32). Comparing figure 2-36 and figure
2-39, we see no major difference in the pulse shape between the U-pickoff and the
T-pickoff when the terminator works normally. However, figure 2-40 and figure
2-41 were taken when the terminator was damaged and the reflection wave was
observable. Figure 2-40 is the DC-psckoff picture (DC means downstream and central
with respect to the U-piekoff) and figure 2-41 is the T-pickoff picture. Comparing with
figure 2-37 we see that the reflection wave contributed differently to these pictures due to

P

the different locations of the pickoffs.
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2.6 THE PERFORMANCE OF THE YALE HIGH PRESSURE
STREAMER CHAMBER
The performance of the Yale streamer chamber in the early stage of development has
been reported elsewhere (Ref. [108] and Ref. [109]). 1 will only summarize briefly the

results here.

Many of the tests for the Yale streamer chamber were done with a Ru!®® g source
(especially in the early stage of development of this chamber). Figure 2-42 shows a
picture taken at the initial testing period. The chamber was filled with 150 psia of
conventional spark chamber gas (90%Ne+10%He) and the picture was taken without an
image intensifier. The HV pulse on the chamber was about 140 KV with about 0.5 ns
width (FWHM). The effective electric field across the chamber was about 300 KV/em.
We see many small bright streamers accompanied by many large bright spots which are
essentially over-grown streamers originating from several seed electrons within one single

avalanche (due to the Landau fluctuation in the ionization loss).

To solve this problem, the chamber was operated at a slower avalanche and streamer
growth rate by increasing the chamber pressure (i.e. decrease the E/P value). Higher
chamber pressure also suppressed the diffusion of the seed electrons but the streamer
brightness was sacrificed. Image intensifiers were therefore required. Figure 2-43 shows a
picture of a 200 Gev/c 7~ interaction in the chamber. The picture was taken with a
proximity-focused diode image intensifier which has an optical gain of about 80 and
resolution of about 50 lines per mm. This image tube (type F4109) was produced by the
Electro-Optical Product Division of ITT. The test was set up in the M1 beam line of the
Fermilab Meson Laboratory (Feb. 1978). The chamber pressure was 250 psia and the
pulse was about 150 KV with 0.5 ns width (field intensity ~330 KV /cm). It can be seen
from this picture the big bright streamers along the tracks are much suppressed.
However, in the interaction region, there is still a large flare. Also we see a brush-like
strip originating from the flare area and extending out along the beam direction. This
mustache, we believe, is due to the light scattered from the wire electrode into the

camera.
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Figure 2-42: 150 psia 900%Ne+10%He; Pulse ~ 140 KV and 0.5 ns
picture was taken without image intensifiers

Figure 3-43: 200 Gev/c x™ interaction
250 psia 90% Ne+10%He; Pulse ~ 150 KV and 0.5 ns
image intensifiers gain ~ 80
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Figure 2-44: 350 Gev/c P* interaction
370 psia 90%Ne+10%He; Pulse ~ 150 KV and 0.5 ns
image intensifiers gain ~ 2500
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Figure 3-45: 350 Gev/c P* interaction
370 psia 90%Ne+10%He; Pulse ~ 150 KV and 0.5 ns
image intensifiers gain ~ 2500
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In order to solve the flare problem, we obtained a set of subspect fication 25 mm
micro-channel plate image intensifiers (ITT, type F4112). This type of tube has a full
optical gain of about 10,000 and a resolution of about 26 line per mm. Because these
tubes were subspecification they were operated at optical gain of about 2500. Figure
2-44 and figure 2-45 are the pictures taken with this kind of image tubes. The chamber
was operated at 370 psia Ne-He and with a 150 KV pulse. The incident particles were
350 Gev/c protons from the same M1 beam line. These are basically the runping
conditions of the streamer chamber for the Fermilab EXP-490 experiment [108, 109, 110].
The track width (full width) of figure 2-44 and figure 2-45 is about 150 ym on the film.
(About 225 pm in space.) The individual streamer diameter is about 50 pm which is just
about the limit of the resolution of the optical system. The track width is largely due to
the diffusion of the seed electrons. This phenomenon can be best illustrated by the
picture in figure 2-46. In this picture, the track on the top is from the beam particle
which triggered the chamber and the track on the bottom is from an accidental beam
track which passed through the chamber after the triggering but before the high voltage
pulse. (The time delay between the passage of triggering particle and the arrival of high
voltage pulse was about 500 ns for the E-490 setup.) At this stage, the problem of the
vertex flare was only relatively improved. A substantial number of E-490 pictures were

obscured in the vertex region due to the existence of flares.

As is mentioned in section 2.3, there were four spark gaps in the Blumlein system
then. Because of the synchronism problem among the four gaps, the output pulses were
very unstable. Also, we wanted to increase the chamber pressure in order to further
suppress the diffusion of the primary electrons. Consequently, we wanted to raise the
Marx voltage. However, the orignal Marx generators!? used in the E-490 experiment had
a lifetime of only about 8 hours under continuous pulsing condition at charging voltage of
about 30 KV. Any attempt to increase the Marx charging voltage would end up with

breakdowns inside the capacitors or a free-running behavior of the Marx generator. Thus

12These were not the one described in section 2.2.
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Figure 2-46: 350 Gev/c P beam tracks
The thinner track on the bottom is a younger track.

to improve the track resolution, we had to have a better Marx generator and a more
stable pulsing system.

Following the E-490 experiment, we made many modifications. The new Marx
generator, the Marx pulse monitor, the modification of the Blumlein system, the new
full-speci fication image intensifiers, a higher bandwidth scope (TEKTRONIC 7104; ~
1GHz and risetime ~ 0.38 ns) for monitoring the high voltage high frequency pulse and
the laser triggered Blumlein system (as mentioned in section 2.3) --- etc. were all results of
this painstaking learning period.

The chamber pressure was finally set at 600 psia, which is the maximum allowed by
the vessel pressure, and different gas mixtures for the chamber were tried to suppress the
thermal diffusion of the seed electrons. The primary electrons created by the ionization
of the gas atoms by charged particles will, before the arrival of high voltage pulse, drift
away from their original location and collide with gas atoms. As it was mentioned in

section 2.1, the fractional energy loss of these electrons can be estimated by the formula
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Figure 2-47: The elastic scattering cross section for electron in Ne
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4=2m /M (Eq. 2-1) where m_ is the electron mass and M is the mass of the gas atom.
In the case of Ne, 2m, /My, == §.44 x 1075, Let us take a 5ev electron as an example (see
Ref. [110]). The electron-atom elastic scattering cross section in Ne is about 107! ¢m?
(figure 2-47; [103]). At 40 atm, this cross section corresponds to a collision mean free

path of about 9.3 x 10~% cm or a collision frequency of about 1.4 x 1013

Hz. This implies
that it only takes about 18 ns for the electron energy to drop to 1/e of its initial value.
For an electron with higher initial energy, the cross section is larger, therefore the electron

looses energy at a higher rate.

b

44Y58¢E 004
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Figure 3-49: Ru'% g source track
600 psia 99%(Ne—He)+1%Xe; pulse ~ 110 KV

From this example, we can easily perceive that the primary electrons thermalized in a
short time, compared with the time delay of the high voltage pulse (about 500 ns in E-490
and 700 ns in E-630). In order to suppress the thermal diffusion of these primary
electrons, we need a gas (or mixture of gases) which has a large electron elastic scattering
cross section in the low electron energy range.

We first tried Xe (figure 2-48; [103]) and surprisingly found frequent spurious
sparking inside the chamber. The streamers looked over-grown and a lot of individual

streamers were found even at few mm from the track center (figure 2-49). To explain this
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emission spectra of pure helium excited by gas discharge.

(c) Emission spectra for helium excited by gas discharge.

(d) Photon
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phenomenon, the following Aypothesss is proposed:

Referring to figure 2-50 [105], the UV emission spectra from excited Ne and He have
a peak in the region 700 nm to 1000 nm. On the other hand, Xe has a !arge photo-
absorption cross section (figure 2-51; [104]) in this wavelength range. Since Xe is a
monoatomic element, the energy absorbed contributes essentially to the ionization of the

Xe atom (photo-ionization).

Based on this argument, we next tried CO,. Again let us look at figure 2-52 [104].
The photo-absorption cross section of CO, in the wavelength range between 700 nm and
1000 nm is only slightly smaller than that of Xe. However for the CO, molecule, there
are many vibrational, rotational etc. excitation levels available. The photo-absorption
cross section is no longer dominated by the photo-ionization process. Moreover, CO, also

has a large electron elastic scattering cross section (figure 2-53; [103]).

At the level of 2.5% CO, concentration, if we keep the pulse duration at the range of
0.5 ns, in order to obtain satisfactory picture quality, we have to substantially increase
the pulse voltage. This leads to the risk of breaking the wires on the chamber electrodes.
Therefore instead of raising the high voltage, the Blumlein pulse width (FWHM) was
increased to about 1.4 ns. With the full gain (10,000 X) of image intensifiers, we were
able to operate the chamber with about 110 KV pulse for 600 psia 90% Ne-10%He gas.
As one may already see, the required electric field is effectively lower than the previous
370 psia case (where the pulse width was about 0.5 ns and optical gain was about 2500).
With optical gain of 10000, the chamber was essentially operated as an avalanche
chamber rather than a streamer chamber. Figure 2-54 is a picture of a 8 source track
in the standard Ne-He mixture plus 2.5% of CO,. The chamber pressure was 600 psia
and pulse amplitude was about 160 KV with 1.4 ns width. The overall track width was
about 80 um on the film (120 pm in space).

The final gas mixture used during the data taking period of E-630 was
CO4(2.5%)+H,(200ppm)+Ne-He(9/1;balance). The reason for adding a small amount of

hydrogen is discussed below.
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The process

e+ COy —¢e” + (CO-0) = CO + O~
has a resonance like cross section (figure 2-55; [106]) of about 5 x 10~!° ¢m? at an
electron energy of about 7.8 ev (Ref. [79]; p.39). For a primary seed electron with this
energy, the average time for the electron to be captured by the CO, is only about 0.5 ns
at 40 atm with 2.5% of CO,. Hence some of the primary electrons, in the process of
thermalization, passing through this energy might possibly be captured by the CO,
molecules. However, according to Ref. [107], the negative ion O~ is known to react
readily with hydrogen in an associative detachment reaction :

O™ + Hp =+ Hy0 + ™
and liberate the electron. This consideration lead us to add 200 ppm of H, to the
chamber gas. Actually, we did not observe any significant difference in the track
streamer density with or without the hydrogen even up to 0.2 level of hydrogen

concentration.

At this point we did some studies on the chamber memory time and the thermal
diffusion effect by varying the delay time of the high voltage pulse. The test was done
with a Ru!®® 8 source again. The pictures of the 8 source tracks were projected on a
scanning table and the individual streamers were traced on a piece of paper. Taking into
account of the magnification factor of the scanning table, the full width of the track can
be determined. In order to clearly see tracks at long delay time, the chamber high
voltage was slightly higher than normal. Also, the definition of full width here means,
conservatively, the eztreme edges of the track. Due to the multiple scattering of 3 source
electrons inside the chamber, it is very difficult to determine unambiguously the full
width of the tracks. The data presented here are only a crude estimation of the
relationship between the track width (on the film, the demagnification factor is about
2/3) and the square root of the ovefall delay time (c.f. equation 2-8)

Figure 2-56(a) shows the result with [Ne-He(9/1)] + CO4(2.5%) + H,(0.2%). The
high voltage pulses were about 170 KV. Figure 2-56(b) is the result with [Ne-He(9/1)] +
CO0,(3.7%) + H,(0.2%). The high voltage pulses were about 185 KV. For both cases,
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the tracks were not visible at a delay of 15us. At a delay of 10us, the streamer density
was very low and the tracks were barely recognizable. Figure 2-57 and figure 2-58 are

two typical pictures from the E-830 experiment. Table 2-1 summarizes the operating

parameters of the Yale streamer chamber. . \

It is important to note that in the running condition of E-830, the diffusion of the
primary seed electrons contributes substantially to the measured track width. Anpother
important parameter which affects the true resolution of the streamer chamber picture is
‘ the minimum distance required to unambiguously separate two tracks. Due to the
\ variation in the brightness of the streamers in a picture, the chamber and its.optical\
system had to be tuned in a way such that the faint streamers can be recorded on the
film. Therefore the brighter (or bigger) streamers might be slightly overexposed. The
| consequence of this optical fluctuation together with the halation problem on the film
cause the area between two close tracks to be filled with small streamer-like dots (like a
continuous grey background). Hence for most of the pictures, when two tracks are very \
close to each other, one can tell that there are two tracks but the tracks are not
measurable (or can not be measured well). The minimum distance required to separate \
two tracks in the E-630 pictures is about 150 pm (on the film). This is the number we \

\will use as the two-track resolution for analyzing the pictures from E-630 experiment in

the following chapters. (Also see the description of the measurement monte-carlo in

appendix-1.)
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chamber gss
snd pressure

optical gain of
imsge intensifier

high voltage pulse
amplitude eand width

fiducia! region of
chamber

Blumlein spark gaps
and gas

streamer diameter

and
track width(space)

overall delay time

Table 2-1:

E-490

Ne-He(9/1)
370 psia

2500
~ 150 Kv

0.5 ns
3 x4 x0.45 cm®
~ 800 psis Ar
4 gaps
~ 50 pum

225 um

(diffusion dominate)

500 ns

83

E-630

No-He(Q/l)*CD2(2.51)
600 psis

10000

~ 160 KV

1.4 ns
3 x4x0.45 cn®
~ 750 psis Air
single gap

~ 50 pm

120 pm
(diffusion dominate)

700 ns

Operating parameters of the Yale high resolution
streamer chamber




Chapter 3

THE NEUTRON BEAM LINE,
THE MUON SPECTROMETER
AND THE TRIGGERS

We have already mentioned, in chapter 1, that a neutron beam was chosen for this
experiment in order to allow a higher interaction rate without the obscuring effect on the
streamer chamber pictures of the pon-interacting beam particles. The structure and
operation of the Yale streamer chamber were discussed in chapter 2. In this chapter, the
neutron beam line will be discussed in section 1. In section 2, we will briefly discuss the
structure of the muon spectrometer and the various triggers. We will also introduce some
terminology related to the triggers that will be used frequently in the following chapters

when we discuss the data analysis.

3.1 THE NEUTRON BEAM LINE

The neutron beam line for this experiment was located in the Fermilab Proton-Center
area. The requirements for the incident neutron beam included a 1 cm by 1 mm beam
size, a high neutron intensity (~ 107 neutrons/spill) with small photon contamination and
a minimum muon background. These requirements were quite stringent given the space

available in the P-Center experimental area. Figure 3-1 shows schematically the layout of

84
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the whole beam line from the charged particle sweeping magnet to the streamer chamber.
The 35 kilogauss charged particle sweeping magnet, M, was originally designed for the
Fermilab hyperon beam [120]. However, the curved channel for the hyperon beam was
replaced by a straight brass channel for the neutron beam (figure 3-2 and figure 3-3).

The size of the channel is listed in table 3-1.

The 400 Gev Fermilab P-Center proton beam was focused and directed onto a
beryllium target in the front section of the beam channel. The effective size of the target

2 in cross section and 30 ¢m in length corresponding to 1 interaction length for

was 1 mm
400 Gev incident protons. In order to suppress the photon component in the neutron
beam, 15 lead foils (each 3.2 mm thick and 12.2 cm apart) were installed in the second
section of the beam channel. The e*e™ pairs from photon conversions in these lead foils

were swept away from the channel by the magnetic field of the dump magnet.

Following the dump magnet was a muon spoiler [121] to further sweep away the
background muons. After the spoiler, there was a vacuum beam pipe followed by three
steel collimators, C,, C, and C,. The first collimator defined the neutron beam pointing
at the streamer chamber. The second and the third collimators were shadow collimators
to eliminate the beam halo. These collimators subtended a vertical angle of about 12 ur
and a horizontal angle of about 120 ur with the central beam line. The sizes of the
openings in these collimators are listed in table 3-1 (also, see figure 3-2 and figure 3-3).
Three dipole magnets were installed in between the collimators to sweep away the
charged particles generated inside the collimators.

Because of the small size of the collimator openings, the alignment of the collimators
with respect to the beam channel was very critical. Precision stepping motors allowed us
to remotely adjust the positions of the collimators. The alignment was done by
maximizing the neutron beam intensity detected in the beam monitors (BM2 to BM4 of
figure 3-1). The profile of the collimated neutron beam could be observed by placing a

piece of the Polaroid film in the beam line for a few beam spills.

Figure 3-4 is a photocopy of the Polaroid film which shows the beam profile at the
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Figure 3-4: Neutron beam profile in front of the streamer chamber

front of the streamer chamber. The size of the beam profile was approximately equal to
lcm by 0.1 cm. Examining the picture carefully, one can see an extraneous wing
extending from the right edge of the rectangular beam profile. This was due to the
imperfections in the collimators. Each collimator consisted of two parts. The top half
was simply a flat piece of steel whereas the lower half has a rectangular groove on the
surface. Small flaws in machining the surface left small cracks along the edges of the
collimator opening.

The fourth collimator, C,, was a copper block of about 40.6 cm in length,
7.2 x 8.0 cm? in cross section, with a rectangular channel in the center (the cross section
of this channel was 2.4 x 14.3 mm?). This block, together with a set of hole veto counters
(VH2 and VH3), was mounted immediately in front of the entrance beam window of the
streamer chamber to reduce the number of extraneous triggers due to the beam halo or
upstream interactions. A veto wall (VH1) with a hole veto counter at the center was
placed just upstream of the RF house containing the streamer chamber. The main
purpose of this veto wall was to veto the background muons from upstream.

Also shown in figure 3-1 are four beam monitor stations (BM1 through BM4; there
was another monitor station, BMS, located at the end of the dowastream muon
spectrometer as shown in figure 3-7). These beam monitors were used for aligning the
collimators and estimating the neutron/photon ratio of the beam contents. Each monitor

consisted of a veto counter (MV) to select meutral incident particles, several converting

materials and two coincidence counters (MA and MB). There were seven converting




Distance from target

Beam channel
(first section)

Beam channel
(second section)

Beam chennel
(third section)

Ist collimator
2nd collimator
3rd collimator
Streamer chamber

Muon shield
(A section)

Muon shield
(B section)

PYC-B

Muon shield
(C section)

Concréte blocks
(D section)

PwC-D
1st Toroid
2nd Toroid

PWC-T2

Table 3-1:

(meter)

0 to 3.35

3.35 to 5.33

5.33 to 7.32
19.74 to 21.26

30.24 to 31.76

36.89 to 38.41

42 .40

42.49 to 43.35

43.49 to 44.32

44 41

44 .50 to 45.75

46.20 to 46.66

47.12

47.40 to 48.33

48.81 to 49.74

49.93

Size of channe!

Horizontas! vertical
0.60 cm 1.50 mm
0.60 cm 1.50 mm
0.30 cm 1.00 mm
0.48 cm 0.45 mm
0.72 em 0.69 mm
0.88 cm 0.85 mm

(30 mr inner cone)

(30 mr inner cone)

(30 mr inner cone)

(80.5 cm square central hole)

(30 mr inner cone)

(30 mr inner cone)

E-630 neutron beam line and muon spectrometer setup
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materials for each monitor (i.e. empty space, 0.127 mm Pb, 0.254 mm Pb, 0.381 mm Pb,
4.76 mm Al, 9.53 mm Al and 19.05 mm Al). The converting materials were mounted on
a rotating wheel which could be remotely controlled via a stepping mot;n'. The three
counters were also mounted on a stepping motor. They were raised up to the beam level
only during the beam tuning period. Now, let us see how the beam monitors were used to

estimate the N_/N ., Tatio.
Define:
R, = 1 — exp(—l,/r,)
A =1- exp(—1,/a,)

where Is is the effective thickness of the scintillation counter. r, and a, are the radiation

length and absorption length respectively of the scintillator.

Similarly, for material x, let us define:

R, =1~ exp(-l /r,)

f

A, =1 — exp(-1l,/a,)

X

Let
N,’ = number of photons in the beam

N, = pumber of neutrons in the beam

When no converting material is inserted in the monitor, the counts from the monitor

(i.e. MV-MA-MB) will be
No == RS.N" + As'Nn
with material x in the beam, the monitor countes

N, = Ny + RN+ AN,
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Define

I, = N, = Ng=R_N_ +A,N

Then

Ix/Rx = N~, + (A,/Rx)'Nn ) (3-1)
or

L/Ay =N, + (R/A)N, (3-2)

Plotting the ratio (I, /R,) versus (A, /R,) for different materials, we obtain the number N,
as (A,/R.) approaches 0. Similarly, N, could be found in the plot of (I,/A,) versus
(R,/A,) as the latter approaches 0. When the beam was well tuned, the measured N, /N,

ratio was about 80 at monitor station BM4.

The neutron flux at the streamer chamber is calculated in reference [126] by using the

Fermilab neutron production data [122] :

dx
—) j—
P —> l
jo— x —=l
- | —

Define

do . . -
— = Neutron production cross section per unit solid angle

dn at rero degrees for 400 Gev/c incident protons.
= 0.75 x 10® mb (estimated from [122])

Af = The solid angle covered by the beam line.
= (0.1 x 1.0)/(4240.5)%.

)\ == Interaction length of beryllium.

¢ = Number of target particles per unit volume.
~ (1.848/9.01)-6.02x10% for Be target.

| = Target length.

N, = Number of incident protons.
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Then

Np(x) = Number of protons at distance x inside the target.
P )\Io-e-zlx

dN, (x) = Number of neutrons produced by dx of Be
at distance x inside the target.

do
= Np(x)-aﬁ-Aﬂ-dxp
dN{x) = Number of neutrons from dN,(x) that survive to /.
= dNn(x)-e(l")/)‘

Therefore, the total number of neutrons produced is

A
N, = [ dN{x)dx
or
do -
N, = No’aﬁ'm"""e I

forl=)\==30cm

N, = 5.68 x 1075.N, (3-3)

Thus for an incident proton intensity of 1.0 x 1012 per beam spill, equation 3-3 implies a
neutron intensity of (5.7 x 105) per spill.

In this experiment, the neutron flux was monitored by a neutron calorimeter! located
behind the downstream muon spectrometer (figure 3-7). Using a special neutron
calorimeter run (Run-842), with a proton beam intensity of 2.3 x 10'® protons per spill,
the measured neutron intensity was 1.3 x 10° peutrons per spill which was reasonably
close to the calculated value from equation 3-3. Figure 3-5 shows the measured neutron
spectrum from this run compared to the result from an ISR experiment [124]. The

neutron data from the ISR experiment are fitted to a function

3
%) = eI (1 -4

'The neutron calorimeter was made of layers of scintillation counters sandwitched between layers of steel
plates
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with C,=3.03, C,=~—2.85, C;=9.50 and C,=2.32

The contamination of neutral strange particles in the neutron beam wa; not measured
directly in this experiment. The flux ratios A°/N, F/N and K%N are- estimated in
reference [125] by using the neutron data from reference [124] (figure 3-5) and the strange
particle data from the Fermilab neutral hyperon experiment [124]. From this calculation,
the ratio of AO/Nn is about 0.001 at the location of the streamer chamber. Both the
Ko/Nn and I_\U/Nn ratios are far smaller than 1074, Therefore the contamination of the

strange particles can be neglected at the location of the streamer chamber.
. -3
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Figure 3-86: Neutron spectrum from Run-642

The solid line histogram is the neutron spectrum measured with the neutron carolimeter.
To calibrate the carolimeter, we assume that the end point of the spect um corresponds
to 400 Gev neutron energy. The dashed line curve is obtained by fitting the data of
Ref. [123] to Eq. 3-4 with C,=3.03, Cy==—2.65, C;=9.50 and C,=2.32.




3.2 THE MUON SPECTROMETER AND THE TRIGGERS

The main consideration in designing the muon spectrometer was to choose a relatively
simple system which would have a good acceptance for the muons from th; decays of the
charmed particles. In order to provide a clean selection for the muons, the system should
also have a good rejection for punch-through hadrons and decays of the hadrons inside
the spectrometer.

The layout of the muon spectrometer is shown in figure 3-7 (the locations of the
various counters, chambers and shields are listed in table 3-1). The collimated neutron
beam was directed into the streamer chamber. The hole veto counters in front of the
streamer chamber (figure 3-1) were installed to detect the unwanted particles from
upstream interactions. Neutron induced interactions inside the streamer chamber were
detected by requiring 2 or more hits in the interaction hodoscope located right behind the
exit beam window of the streamer chamber. This interaction hodoscope (illustrated in
figure 3-6) was made of 8 small scintillation counters arranged in a pie shape
configuration with a rectangular hole at the center to avoid background signals generated

by the beam particles. Let us label this neutron induced interaction as NI and

NI = VH1-VH2-VH3:(>2 bits in the l-counters) (3-5)

Figure 3-8: Interaction hodoscope

Following the interaction hodoscope, there were four sections of hadron filter (section
A through D in figure 3-7) and two toroids (T1 and T2, each with 15 kilogauss magnetic

field and reversible polarity). The central inner holes inside the hadron filter and the
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toroids subtended an angle of 30 mr with respect to the beam line. The first three
sections of the hadron filter were made of steel and covered a polar angle range between
30 mr to 250 mr. The D-section was a stack of concrete blocks with a square hole at the
center. The outer radii of both toroids were equal to 91.4 cm (equivalent to » maximum
angular acceptance of 182 mr for muons from the streamer chamber). The minimum

energy required for a muon to travel through this hadron filter was about 6 Gev2

Behind every section of the hadron filter and the second toroid, there was a layer of
scintillation counters. Again a hole with appropriate size was cut out at the center of
these counter walls. " These holes together with the central holes of the hadron filter
provided a passage for the beam particles and the particles in the forward jet from the
hadron interactions. The A-counter layer (the counter layer behind the A-section hadron
shield) was simply a 81 x 81 cm? scintillation counter. The B-counter layer was made out
of four 114 x 28 cm? rectangular counters. These four counters allowed us to determine
whether a muon track was pointing up or down, assuming that the muon came from the
streamer chamber. The C-counter layer was a 1.8 x 1.8 m? counter wall consisting of six
pieces of 91 x 61 cm? counters at the two sides (east and west) and one 61 x 81 c¢m?
counters (with a circular hole cut out at the center) in the middle. Two phototubes were
attached to this middle counter to provide up/down information for the track direction.
The configuraton of both the D-counter layer and the T2-counter layer were the same as
that of the C-counter layer. Muon tracks were detected by a suitable tracking
requirement among the first four layers of the muon counters with the additional
requirement that at Jeast 1 hit be detected in the T2-counter (the latter requirement was
implemented to utilize the toroids for the muon momentum analysis). Detailed
descriptions of the spectrometer and the trigger logic will be reported in reference [78].

There were three sets of proportional wire chambers installed in this experiment

(PWC-B, PWC-D, and PWC-T? in figure 3-7). The size of each PWC was about 160 cm

2The spectrometer has a maximum acceptance for muons with energy greater than 8 Gev, polar angle
greater than 30 mr and less than 120 mr.
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by 160cm with 2 mm wire spacing and every 5 wires ganged together for the anode wire
plane. The resolution of the PWC was estimated to be on the order of 6 mm. Detailed
description of the PWC'’s and the related electronics will be given in another thesis [78].
Briefly speaking, the three coordinate planes (X, Y, and U) of each PWC were contained
in a single chamber (i.e. an anode wire plane and two cathode planes) with central area
desensitized. The momentum resolution and the angle resolution of the muon tracks
measured with these PWC's, basically limited by the multiple scattering and the energy
loss of the muon tracks inside the shields and the toroids, were estimated to be on the
order of 15% (i.e. g-'v 15% and f; ~ 15%).

Two cone shaped veto counters were installed one inside the inner hole of the C-
section and the other inside the second toroid (figure 3-7). The first cone veto counter
eliminated events with hadrons exit'ing and re-entering the hadron shield (i.e. to enhance
the rejection efficiency for the punch-through hadrons). The second veto counter inside

the toroid removed muons which curved into the central holes of the toroids.
Now, let us define the muon trigger associated with the neutron induced

interactions inside the streamer chamber as follows:

Let

NI = Neutron induced interaction
(defined in equation 3-5)

CV = No hit at the cone-veto counters

MU = (Tracking between A, B, C and D counters) (3-6)
e (21 hit at T2-counter)

then

Muon trigger = NI ¢« CV ¢« MU (3-7)

Since the hadron filter could not stop completely all of the hadrons, undoubtly a non-
negligible portion of the muon trigger events would be the ordinary inelastic interactions.
In order to prepare an unbiased sample of events to study the backgrounds, interaction

triggers without the muon tracking requirement, the NI-CV triggers, were mixed with the
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full muon triggers (equation 3-6) during the experiment. Figure 3-8 illustrates the
relationships between the trigger gates and the triggers for this experiment. The Fermilab
beam spill spreaded over a time period of about 1 second. Within about the Jast 10 ms3

of the beam spill, the muon tracking function in the trigger electronics was disabled
(i.e. enable the NI-CV trigger gate). Both the NI-CTV-MU and the NI.CV" iriggem were
used to trigger the Marx generator and advance the film inside the streamer chamber
cameras. After every trigger, a 200 ms gate (the Marz dead-time) was started to inhibit
the Marx trigger such that the Marx generator would be fully charged up before the next
trigger.

In this way, two :iifferent kinds of scalars for each trigger type were accumulated
during each beam spill. They were the gated scalars and the ungated scalars. The gated
scalars accumulated the number of triggers taken within the corresponding trigger gates.
For example, the gated NI-CV-MU scalar counted the number of pictures taken with the
NI-CV-MU trigger and the gated NI-CV counted the number of pictures associated with
the NI.CV trigger. On the other hand, the ungated scalars accumulated the number of
the triggers occuring during the whole beam spill, with or without the streamer chamber
pictures. Therefore, the ungated NI-CV-MU scalar counted the total number of events
which satisfied the NI-CV-MU trigger requirements in the whole beam spill including the
time slots when the Marx trigger was inhibited. The ungated NI-CV scalar counted the
total number of events which satisfied the NI-CV trigger definition in the whole beam
spill (not necessarily confined in the last 10 ms NI-CV enable gate). It is obvious that the

ungated NI-CV triggers included the ungated NI-CV-MU triggers.

3This time length changed according to the condition of the experiment and the variation of the spill
structure.
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time

Figure 8-8: E-0630 triggers

[a] Beam gate (~18). [b] NI-CVenable gate (~10 ms). [c] NI-CV-MU triggers. [d] Marx
dead time (~200 ms). [e] NI-CV triggers.




Chapter 4

MUON RECONSTRUCTION
AND PICTURE MEASUREMENT

The data collected in this experiment can be classified into two different categories
namely the streamer chamber picturcs and the on-line computer information which
includes the data from the counter latches, ADC’s, PWC readouts and the beam line
control devices. In measuring the streamer chamber pictures, in principle, only those
events with at least one muon detected in the downstream spectrometer had to be
measured since this experiment was set up to trigger on the muonic decay of the charmed
particles. However, in order to study the backgrounds, we also measux;ed a sample of
events which do not have any muon detected in the spectrometer. Thus the picture
measurement list was generated according to the off-line muon reconstruction program.
The muon selection criterion for the measurement list was chosen to be very generous to
minimize the loss of charm events. The fiducial interaction pictures were then selected
and measured according to this measurement list. The basic procedures for the
reconstruction of the muon track will be briefly! discussed in the first section of this
chapter and the measurement of the streamer chamber pictures will be discussed in the

second section. In section 3, we will discuss the three dimensional reconstruction of the

1Detailed discussions on the muon reconstruction program will be reported in another thesis [78].
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streamer chamber tracks and the alignment between the streamer chamber and the muon

spectrometer.

4.1 MUON TRACK RECONSTRUCTION

The muon tracks were determined by the information from the PWC’s and the muon
counters (figure 3-7). Each muon track was divided into two sections: a straight section
from the streamer chamber (e.g. from the decay of a charmed particle) to the front end of

the first toroid and a curved section where the muon traversed the toroids.

The straight section was constructed by using the coordinates of the hits? in the
PWC-B and the PWC-D together with the event vertex determined from the streamer

3. The basic limitations on the precision of fitting this straight section

chamber picture
came from the multiple scattering and energy loss of the muon tracks inside the hadron
filter. Measurement of the muon momentum was therefore necessary for the estimation
of the effects of the multiple scattering. The muon momentum was measured, basically,
from the angle of the muon track entering the first toroid and the position where the

muon track hit the PWC-T2. Therefore, to determine the momentum of a muon track,

we had to locate the point where the muon track hit the PWC-T?2.

The direction (angle) of a candidate muon track was first estimated by using only the
center of the streamer chamber and the location of the hit in the PWC-D. As it is shown
in figure 4-1, the three points, O, D and T2 represent the center of chamber, the hit in
the PWC-D and the hit in the PWC-T?2 respectively. These three points are expected to
fall on a line if they are associated with a real muon track traversed the spectrometer
without multiple scattering. However, because of the multiple scattering, the point T2

might have a ¢ angle different from that of the front section. The difference between the

2The detailed definition for the hits on the PWC's will be given in reference [78].

3As a matter of fact, because of the small size of the streamer chamber and the resolution of the PW('s
(chapter 3, section 2), the results would not change (within the limits of our resolution) if the center of the
streamer chamber ([0, 0, 0]) was used instead of the true vertex of the event.
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PWC D PWC T2

Figure 4-1: §¢ of muon track
Left: beam-direction view. Right: elevation view
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Figure 4-3: Distribution of §¢

Solid line: real events. Dashed line: monte-carlo distribution with perfect PWC
resolution.




105

¢ angles of point D and point T2, é¢, is expected to bave a distribution centered at
66=0. In figure 4-2, the é¢ distribution obtained from a sample of 442 events is
compared with a predicted distribution from a monte-carlo simulation. It should be noted
that the monte-carlo distribution is slightly narrower than that of the real events since
the monte-carlo assumed a perfect resolution for the three PWC's. From this figure, a
clear signal of real tracks can be easily identified. Thus the quantity §¢ provided a means
of selecting the corresponding hits between PWC-D and PWC-T2. The selection criterion
was that the quantity |[§¢| for a candidate muon track should be less than 40 degrees.

Based on this é¢ cut, we selected the candidate muon track with known track angle
and exit location in the PWC-T2. A look-up table generated by a monte-carlo program
was used to find out the most pro?)able momentum for each candidate track. The front
straight section of the candidate muon track, with the additional point from PWC-B, was
then fitted with appropriate errors due to the multiple scattering and the resolution of the
PWC's. A cut on the chi-squared for this linear fit was set at x°=10. This fitting
procedure was applied to all of the possible combinations from the hits in the three
PWC's. Any event with at least one muon track satisfying all of the fitting criteria was
labeled as a good-muon event and events without any good-muon track were labeled as
bad-muon events.

The streamer chamber picture measurement list was generated according to this
good-muon selection procedure. In addition to the good-muon events, a sample of NI-C\™
(interaction-trigger) pictures of about the same size as the good-muon sample and a
sample of bad-muon events of about one-tenth the size of the good-muon sample were
also included in the measurement list for the purpose of the background study, as
discussed in the introduction of this chapter.

The good-muon measurement list only provided a very generous selection of the
muon tracks. The main purpose was to identify the dad-muon events and to exclud most
of them from the measurement list (hence to speed up the picture measurement process).

Tighter criteria on the muon track selection are therefore necessary for the final analysis
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of the measured events. An intermediate step in refining the reconstruction procedures of
the muon track included the following requirements. First, a better estimation of the
PWC resolution? was obtained. Second, comparisons between the effective PWC fiducial
regions and the the coordinates of the hits in the PWC’s were performed to ensure that
the candidate track stayed inside the spectrometer®. Finally, for the hits of a candidate
track in the three PWC's, a set of matched muon-counter latch bits was required to
ensure that the hits were not caused by the noise of the PWC's. Events selected with
these additional criteria were labeled as better muon events. Again, details on the

various cuts, fitting criteria are given in reference [78].

The estimation of the error associated with the measurement of the muon
momentum from the muon fitting method discussed above was however very poor. A
more sophisticated method of determining the muon momentum was applied to the
measured muon events in the final analysis. Briefly speaking, we can consider the
problem as following. Given a muon track with known momentum and direction, we can
calculate (with the effects of multiple scattering, energy loss and magnetic field inside the
spectrometer and toroids) the probability function of actually measuring this track at
certain positions in the three PWC’s. Once the probability function was evaluated, given
the measured coordinates of the hits in the three PWC's, with a maximum likelihood
method, we can obtain the most probable values for the muon momentum, direction and
the errors. The muon events selected with this method were labeled as best-muon
events. Details for the evaluation of the likelihood function and the minimization
procedures will also be reported in reference [78].

It should also be mentioned here that a momentum cut of 7 Gev/c was applied to the
best-muon selection procedure. The range of a muon in our spectrometer was about 6

Gev. Below 7 Gev, the best-muon fitting procedure can not accurately determine the

“The studies on the properties of the muons inside the spectrometer and the characteristics of the PWC's
proceeded in paralle] with the streamer chamber picture measurement.

5The size of the active regions of the PWC’s were slightly different from that of the steel shields and
toroids.
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muon momentum. From the monte-carlo study, the possibility for a muon with energy
less than 7 Gev from the decay of a charm particle to satisfy the trigger requirement is
negligibly small. Therefore by appl&ing the 7 Gev/c momentum cut to the best-muon
selection procedure, we expect to eliminate more background with a minimum loss of

charm events.
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4.2 FILM MEASUREMENT

The streamer chamber pictures were selected for measurment according to the muon
track information as discussed in the previous section (i.e. good-muon events + NI-CV_
events + bad-muon events with the ratio ~ 1:1:0.1). All of the fiducial pic;.nres in the
measurement list were measured with the same measurement rules. Two measurement
machines were used to measure the E-630 data. Most of the first measurements were
done at the Fermilab film analysis facility with an image-plane digitizer®. A small
portion of the first measurements and all of the remeasurements were done at Yale with a
Vanguard film-plane digitizer’. Both machines had a least-count resolution of ~ 2.5 ym
and a magnification factor of about 25.

The following measurement rules were applied to the film measurement process at

both places:

Fiducial interaction
Only fiducial interaction events were measured. A fiducial interaction is defined
as an event with the primary vertex located between —20 mm and +12 mm, along
the beam direction in space coordinate, with respect to the center of the streamer
chamber. (Remember that the chamber size was 40 mm along the beam direction
and the space to film demagnification factor was about 2/3.) Therefore, if an
event had a vertex too close to the downstream edge of the chamber frame, we did
not measure it since the tracks are usually short and not measurable. On the
other hand, if an event vertex is not visible in the picture because it is slightly
upstream toward the front end of the chamber region, the tracks are usually long
and well separated from each other. In this case, it is possible to measure these

tracks well enough to find the vertex by extrapolation.

®The average number of scanners assigned to this machine at Fermilab is 1.5.

TWith 1 scanner.
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Picture quality
Each event has pictures (view 1 and view 2) taken with the two cameras of the
streamer chamber (section 2.1). Events are considered as not measurable if either
(or both) of the pictures are too faint due to the fluctuation of the streamer
chamber high voltage pulse. Pictures with a dark background due to the
discharge between the two wire electrodes of the streamer chamber were also not
measured. (Sometimes a single discharge would affect several frames due the

memory of the image intensifier.)

A track is measurable only if it is well separated from the rest of tracks in either
view. The minimum distance between two separated tracks was determined
empirically to be on the order of 150 ym on the film. Tracks with the measurable

length less than 1 mm on the film were not measured.

Events with less than three measurable tracks are not considered as useful. These

events were not measured.

Track measurement

At least three measurement points are required for each measurable track. The
minimum distance between two consecutive measurement points is about 0.4 mm
on the film. For longer tracks, the maximum number of measurement points per
track is 15. On averagé, 7-8 points were measured per track. On the Yale
Vanguard measurement machine, tracks were measured with a centroid

measurement method which will be described below.

Nuclear fragments

Nuclear fragments are identified as fat and dark (heavily ionized) tracks
associated with the interaction vertices (primary or secondary interactions). The
nuclear fragments are usually short (stopped inside the streamer chamber) and
sometimes heavily multiple scattered. In this case, only the front straight sections

of the nuclear fragment were measured. All measured nuclear fragments were
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assigned a special track label.

Nop-primary vertex tracks

Non-primary vertex tracks were labeled according to their characteristics such as
vee, kink or short decay. Vees and kinks are defined as the secondary tracks from
the decays of the neutral or charged particles respectively (when the decay vertex
is clearly visible). Short decays are defined as the tracks which visibly do not

come from the primary vertex but whose decay vertex is not visible (i.e. obscured).

Background tracks and obscured regions
b-rays, low energy tracks with visible multiple scattering, tracks from upstream
interactions or stray tracks due to the beam particles hitting the wire electrodes or
the chamber frames are all considered as the background tracks. These
background tracks together with the vertex flare and the obscured forward jet
(overlapping tracks in the forward direction) were treated as parts of the ébscured
regions. The contours of the obscured regions were traced by the measurer on the
measurement machines and stored as part of the data from the picture

measurement.

Old events

Old events (due to the memory time of the streamer chamber, which was ~ 10
ps) are identified by comi)aring_the track width with the ordinary events. If an
old event is overlaid on the top of an ordinary event, the tracks of the old event

will be treated as obscured regions.

Since the film measurement was expected to be the most time consuming process in
analyzing the data, at the beginning of developing the analysis strategy, the measurers
were instructed to measure everything on the film even if it did not exactly satisfy the
measurement rules. The main purpose was to unload the film measurement effort as soon
as possible. As a result, some events which should not bave been measured (such as faint

events) were measured. Additional clean-up and remeasurement procedures were
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-___-__----fffT__ Quantity
1. Total number of run; ........................ ;; ..........
2. Ungated interaction triggers 447798691
3. Gsted intersction triggers 44801
4. Ungated muon triggers 221277
5. Gated muon triggers 116073
6. Total number of triggers 160874
7. Number of good-muon events 20138

(in measurement list)

8. Number of bad-muon events 9144
(in messurement list) -
9. Number of interaction trigger events 18460

(in measurement |ist)

10. Number of good-muon events 1807
(actually measured)

11. Number of bad-muon events 1116
(actually measured)

12. Number of interaction trigger events 1612
(actually measured)

13. Number of messured better-muon events 1492
(A sub-sampie of item 10)

14. Number of matched best-muon events 769
(A sub-sample of item 13)

Table 4-1: E-630 data summary

Interaction trigger = NI.CV trigger and muon trigger = NI-CV-MU trigger (defined in
section 2 of chapter 3). The definitions for bad-muon, good-muon, better-muon
and best-muon events have been discussed in the previous section. Also, see text for
the definition of the matehed-muon events. Note that the ratio of item 10 to item 7
(~9%) is approximately equal to the ratio of item 12 to item 9.
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anticipated. Another reason for this measurement strategy was Lo minimize the scanning
biases.

In this experiment, the data were separated into many runs. Each run contained

about 2500 streamer chamber pictures. The 75 runs included in the anal-ysis for this

thesis (from Run 542 to Run 667) were selected with the requirement that the trigger

electronics and the streamer chamber functioned correctly for these runs. Table 4-1 lists
a summary of the various summed scalar numbers from the on-line data collection system
and the total number of scanned and measured pictures in these 75 runs.

el

100 U ) ® ‘!. ql- .‘0 @ streamer trock

'-——- 2mm —

Figure 4-3: Centroid measurement

Let us now discuss the centrotd measurement method mentioned above for the
track measurement. Figure 4-3 illustrates schematically a section of streamer track.
Because of the irregular shape of the streamer dots on the pictures, it is very difficult to
define their central points for measurement. However, with two parallel lines separated
by 0.1 mm (on the film) and projected onto the screen of the measurement machine, it is
possible to connect several streamer dots together and estimate the center of the track.
Therefore, instead of measuring the center of an individual streamer, the centroid
measurement averages over several streamers and measures the center of the sections of a
track. The centroid measurement method was used on the Yale measurement machine.

For the Fermilab measurement machine, only the central circle of figure 4-3 was projected

on tha table.
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If we fit a line to the measurement points of a track and plot the distribution of the
residual distances between the points and the fitted line, we get the distributions shown in
figure 4-4. In this figure, the distributions are compared to a Gaussian functions with
standard deviations equal to 6.8 pm and 15.7 pm for the Yale measurements and the
Fermilab measurements respectively. However, these numbers should not be used directly
as the sctting errors for the measurement points.® The true errors for the measurement
points can be determined statistically by examining the distribution of the reduced chi-
squared of the event vertex fitted for a sample of single vertex events.

A sample of interaction trigger pictures were measured. All of the non-primary
vertex tracks were labeled and excluded from the vertex-fitting calculation. The reduced

chi-squared of a fitted vertex can be calculated as

> Si 2
=!(D—S.i) (4-1)

where N is the number of tracks used to fit the vertex, v is the degrees of freedom
(v=N=2), S, is the distance from the fitted vertex to the ith track. The error associated
with the calculation of S, is labeled as DS, and depends directly on the choice of the
setting error for the measurement points. If we define X = }; , and h=v/2 for fixed v,

the distribution of X should follow the function (if the setting errors were appropriately

selected)
(X p) = Prxtle ] [ [2h-nb)) (4-2)

For a sample of M events, the ensemble distribution of the quantity X will be

VX) = Kli jg, (ks XAt =] [ (28 b)) (4-3)
with
Juxydx =1

8For example, the centroid measurement did not measure each point independently, every measurement
point was strongly correlated to its neighboring points if these consecutive measurement points were covered

inside the two paralle] lines of figure 4-3.
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J X¥X)dx =1

where the subscript j stands for the jth event.

By varying the setting errors and comparing the distribution of the reduced chi-
squared with equation 4-3 (figure 4-5), we determined empirically the appropriate errors

for our measurement procedures. The setting errors used for the E-630 apalysis are :

o(Ordinary tracks, Yale machine) = 0.014 mm
o(Nuclear fragments, Yale machine) = 0.060 mm
o(Ordinary tracks, Fermilab machine) = 0.022 mm
o(Nuclear fragments, Fermilab machine) = 0.060 mm

To prevent accidental malfunction of the the measurement machines such as loss of
vacuum or electronic noise etc., the following checks on ali of the measured pictures were
performed. First, the chi-squared for every measured track was checked. Track with a
reduced chi-squared for the linear track fit greater than 5 was considered as a signature of

bad measurement and the event was remeasured.

Another check was the measurement of the fiducial marks. There were four groups
of circular fiducial marks located at the four corners of each frame of the streamer
chamber picture. These fiducial marks were made of 12 optical fibers (~100 um
diameter) divided in four groups of three fibers. One end of the group was attached
perpendicularly onto the surface of the image intensifier plate (which held the image
intensifier and provided housing for the protection circuit of the image intensifier). The
other end of the group was illuminated with light from LED’s. These 12 fiducial marks
were located very close to the outer rim of the image intensifier. For every measured
picture, the coordinates of the 12 measured fiducial marks were compared with a standard
set of fiducial mark coordinates. After rotational and translational adjustment between

these two coordinate sets® the distances between the corresponding fiducial marks

"Magnification or demagnification factors were allowed to compensate any possible minor distortion of the
film introduced during the developing process
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NORMALIZED 1206 NICV EVENTS

Figure 4-6: Distribution of the vertex chi-squared per degree of freedom

Solid line: From 1206 interaction trigger events. Dashed line: ¥ function of equation 4-3.
The point measurement errors are discussed in the text.
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(i.e. the residuals) were calculated. These residuals were required to be less then 20 ym
otherwise the event was remeasured. These fiducial marks also provided a means of
fixing the relative orientation between the pictures and the streamer chamber coordinate
system.  This coordinate adjustment was important for the three dimensional
reconstruction of the streamer chamber tracks and the alignment between the streamer
chamber and the downstream muon spectrometer. We will discuss these subjects in the
next section.

The output of the picture measurement (digitized data) was combined with the on-
line computer information (see the introduction of this chapter) and stored on a computer
disk and magnetic tapes. Most of the analysis was done in a PDP-10 computer. A
fortran program, <MAPP>,!0 was developed to handle most of the analysis processes
such as linear track fitting, three dimensional reconstruction, vertex fitting and the
downstream muon reconstruction. This program also provided facilities such as

displaying the fitted events and their obscured regions on a graphic terminal.

10The <MAPP> program was developed by Professor Peter S. Cooper.
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4.3 THREE DIMENSIONAL RECONSTRUCTION AND THE
ALIGNMENT OF THE APPARATUS

% |
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Figure 4-8: Illustration of the streamer chamber optical system.
(Not according to the true scale; beam direction along X axis)

The optical system of the streamer chamber consisted of two lenses which subtended
a stereo angle of about 7 degrees with the center of the chamber. This small stereo angle
is the major limitation on the resolution of the three dimensional reconstruction. This is
especially true for the vertical angle.

Figure 4-6 shows schematically a two dimensional view of the streamer chamber
optical system. We define 3 coordinate systems here: The [X, Y, Z] system represents the
3-D space system which will ultimately be aligned with the downstream spectrometer.
The V, ([z;, v,]) and V, ([z5, y,]) systems are the 2-D coordinate systems on the view 1
film and view 2 film respectively. All measured points are in the V, or V, system. Let
the coordinate of the point P inside the chamber be [X, Y, Z]!! and its images on view 1

X is the beam direction and Z points upward
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and view 2 be [z, y,] and [zg, y,) respectively. S, is the off-set in the X direction
between the origin of the view 1 coordinate system and the origin of the space coordinate

system. With Z € o (0 > 250 mm and Z < 2.5 mm), then the relatlonshlp between z,
and X can be expressed as

.—2] " z

Sk =z~ 504 (4
or

I is,
zl——;Sl+;X+;—§XZ—;-2-Z (4-5)

where o is the distance between the Z=0 plane to the primary principle plane of the view

1 lens; ¢ is the distance from the secondary principle plane of the view 1 lens to the view 1
film.

Similiar relationship between z, and X can be obtained. In general (from equation

4-5), we have the following relationships:
,=2a, +bX+¢XZ+d,Z
7y = 2y + bX + ¢,XZ + dyZ
vy, = A, +B,Y + C,YZ + D,Z
Yo = Ay + B,Y + C,YZ + D,Z

1
Where the subscripts 1 and 2 refer to view 1 and view 2 respectively. Since b,=B,=-

o
$ ) X
and ¢,=C,=—; (from equation 4-5; so are b,=B, and ¢,=C,), we may rewrite these
o@

equations as

z, = a, + BX + CXZ + d,Z

(4-0)

= a5 + BoX + C,XZ + dyZ (4-7)

v, =A, +B,Y+CYZ+D,Z (4-8)
Vo = Ay + ByY + C,YZ + D,Z (4-9)

where B, and B, are simply the demagnification factors of view 1 and view 2. Thercfore
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the major job for the three dimensional reconstruction is to determine the 12 optical
constants in equations 4-6 to 4-9. .

If we can obtain a set of points with known values of space coordinates, [)(;, Y, Z‘],
and known values of the image coordinates, [zli, yl‘] and [zzi, vzi], the 12 optical
constants can be found by fitting the 4 equations mentioned above to the measured
values. For example, use the points in the planelz Z=0 and plot the value of zli versus
X' (equation 4-8), we will have a line

Py

The slope of the line is equal to the demagnification factor B, and the intersection of the
line with the z, axis is equal to the optical constant a;. For the points in the plane with

Z5£0, equation 4-6 can be written as

Again, Eq. 4-11 is a line equation. From the slope of the line, with B, determined from
equation 4-10 and the known value of Z, we get the value of C,. From the intersection of
the line with the z axis, we obtain the value of dl' The same procedures can be used for
both views and for both X and Y coordinates and all of the 12 optical constants will

therefore be determined.

Figure 4-7 is an illustration of the three-dimensional grid used to provide a set of
points with known values of [Xi, Yi, Z'.]. The grid was made of a thin emulsion film
sandwiched in between two emulsion plates. Each emulsion plane was divided into 16
squares. Some of the squares were exposed to a pattern as illustrated in figure 4-7 and
the rest of squares were left blank (unexposed). The exposed areas on the three planes
were displaced from each other such that all 18 exposed squares, distributed in three

planes with different Z coordinates, could be seen from either side of the grid. In

12The Z==0 plane can be srbitrarily chosen inside the chamber. We can always shift this plane back to
the center of the chamber after reconstruction
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U~ PLANE

D-PLANE

Lgloss
plate
emulsion plates

Figure 4-7: 3-D grid for the space reconstruction

The C-plane is a thin emulsion film sandwitched in between two emulsion coated glass
plates (the U and D planes). The shaded area represents the exposed emulsion. The
inner diameter for all of the rings on the sides of the crosses is 70 um. The centers of
these rings are used as the corresponding points in equations 4-6 to 4-9
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calculating the Z coordinate of the emulsion planes, we used the true optical length of the
glass plates. Corrections however were included when applying these optical constants to
the reconstruction of the streamers since there was no glass between the streamers and
/ the lenses. The grid was inserted in between the two wire planes of the streamer chamber
/ before the chamber was pressurized. Pictures of the grid were taken (with the image
intensifiers) for both views by illuminating the 3-D grid with LED light. The positions of
the 12 fiducial marks (the fiducial marks were discussed in section 4-2) were also recorded
at the same time.
The fiducial marks allowed us to fix the relative orientation between the grid pictures
and the space coordinate system. This was achieved by using the points on the C-plane

(Z=0) of the grid. According to equations 4-6 and 4-8, with Z=0

z,—a, = B,X

y,—A; = B\Y

the relationship between the points and their images includes only a demagnification

factor, B;. Therefore by applying the transformations

z'= azx + Py

y'=-—-8z+ay

(o + 8 =B,")
to all of the image points and mapping the images to their corresponding values of X's
and Y's in space coordinates (which were measured directly from the grid), with a simple
fitting procedure, we obtained the values of a and B (the rotation angles). With this
transformation, we also had a set of standard fiducial-mark coordinates. The optical
constants obtained henceforth (according to equation 4-10 and equation 4-11), were
applicable only to the film coordinate system defined by these standard coordinates.
Appropriate transformations were therefore necessary to bring every measured streamer
chamber picture to the standard V, or V, coordinate orientation for the three dimensional

Table 4-2 lists the values and the associated errors of the 12 optical

—_— ]
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constants determined in this way. The reason we had two sets of optical constants was
becuase the two lenses of the streamer chamber were disassembled once during the

experiment and hence the relative positions between the chamber and the fiducial marks

changed.
Items 1st set 2nd set
(before run 546) (sfter run 546)

8, — 8.91614£0.0023 (mm) — 3.8584+0.0021 (mm)
3, — 6.1663+0.0034 (mm) — 6.09514+0.0014 (mm)
Al 7.941540.0031 (mm) 8.29594+0.0030 (mm)
A2 9.5263+0.0032 (mm) 0.66904+0.0025 (mm)
Bl .0.6139+0.0002 0.614240.0002
B2 0.6641+0.0002 0.6635+0.0002
Cl 0.00234+0.0001 (1/mm) 0.0023+0.0001 (1/mm)
C2 — 0.0018+0.0001 (1/mm) — 0.0018+0.0001 (1/mm)
d, 0.00514+0.0070 0.0001+0.0085
dQ 0.02014+0.0062 0.0131+£0.0075
D1 — 0.02214+0.0078 — 0.022240.0084
D2 0.0107+0.0060 0.00274+0.0076

Table 4-2: Optical constants of the E-630 streamer chamber

For convenience in the following discussions, let us make another translation on the

coordinates of view 1 and view 2 such that
Vi~ YA
Tg ™ Iy~ 3y
V2 = V2 — Ay

equations 4-6 to 4-9 can be rewritten as

z,=BX + C,XZ + d,Z (4-12)

2y = ByX + CpXZ + dyZ (4-13)
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vy, = BIY + CIYZ + DlZ (4-14)

The line equations for a track inside the streamer chamber can be expressed as

Z=4,+MX
{ (4-16)

Y =4 + MX

and the measured line equations for the images of this track on view 1 and view 2 can be

expressed as

yy=mz +b (4-17)
and
Yo = myzy + by (4-18)

Substituting equations 4-12 to 4-15 into equations 4-17 and 4-18, after some simple

algebra, we have

1
Ay, = 3 (AY1 — AY2) (4-19)
{ AY1=b,(m,d,—D,—-$,C,/B,)/B,B,
AY2=by(m,d,-D,-b,C,/B,)/B,B,
1 , R
M, = 3 (BY1 — BY?2) (4-20)
{ BY1=m (m,d,—D,~b,C,/B,)/B,
BY2=m,(m,d,-D,—5,C,/B,)/B,
1 6, &
A, _Z{ﬁf—ﬁ (4-21)
1
M, = 3 {m, — m,} (4-22)
where




D2=(m d,~D,~b,C,/B,)/B,

and the errors associated with these four coefficients can be estimated according to the

formula
o 1t 04 2
0, = ..f__‘:l [E"(“i)] (4-23)

where ui(i=l,---,16) are the 16 parameters including m,, m,, b,, b, and the 12 optical
constants. The projection angle § and the dip-angle  of the track in space (figure 4-8)

can be calculated as

0=tan~'M, (4-24)
n= lan'l(Mzcosa) (4-25)
The resolution of the dip-angle depends strongly on the stereo angle of the optical system.

This can be easily understood from the following example. In the limit of zero degree

stereo angle (S, in figure 4-6 approaches 0), equation 4-6 to 4-9 can be written as

z, = (B,+C,Z)X (4-26)
v, = (B,+C,2)Y (4-27)
z, = (B,+C,Z)X (4-28)
¥y = (By+C,o2)Y (4-29)

A track passing through the origin of the space coordinate system will have line equations

{Y=MyX, Z=M,X}. From equation 4-26 and 4-27, we have
v, = Myzl (= m,z))
Yo = My:z2 (= myz,)

Therefore the slopes of the two image lines on view 1 and view 2 are both equal to My.

The calculated dip-angle will always equal to 0 (Eq. 4-22) even if M, 5£ 0. In our system,
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Figure 4-8: Definition of the projection angle and the dip-angle

T
¢ (mm)

N

Figure 4-9: Estimation of the effective field region of the streamer chamber

The solid line curve: Gaussian ideogram. The dots and error bars: measured results from
3-D reconstruction.
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with about a 7 degree stereo angle, we estimate that the resolution of the track dip-angle

is about on the order of 2° (or &, ~ 0.036) for the forward tracks.

Two tests were performed to check the 3-D reconstruction procedures. The first one
was to reconstruct several fake tracks made out of the measured points from. the C-plane
of the 3-D grid. Since all of the points lic on a plane, the value of M, for these tracks

were expected to be zero. The five measured values (after reconstruction) were:

M

2

— 0.0128+0.0825
0.0120+0.0455
— 0.00411+0.0384
— 0.0046+0.0513
0.0139+0.0601

The mean value was consistent with O (although with huge errors). Another test of the
reconstruction process was to measure the chamber width from real streamer tracks of
particles which were generated by upstream interactions and traveled through both wire
planes of the chamber. The distance between the two wire planes was calculated with the
dip-angle and the track length which were measured from the 3-D reconstruction. The
major uncertainty in this test was the determination of the track length since the end
points of these stray tracks were not well defined on the pictures. The distance between
the two wire planes of the streamer chamber was 4.5 mm. Assuming that the uniform
electric field region started from a distance of about 1.5 wire-spacing from the wire plane,
thus the effective uniform field region was approximately equal to 4.2 mm. Given a
streamer density of about 6 streafners per mm, naively, one would expect the first
streamer to be visible at ~ d.l mm inside the uniform field region. So, taking into
account the uncertainty of measuring the end points of the tracks, the measured value for
the chamber width was anticipated to be on the order of 3.8 mm. Figure 4-9 is a plot of
the ideogram for the results of the reconstruction from 10 stray tracks. The mean value

is about 3.5 mm which is close to our estimate.!3

13The center of the chamber can be determined from the reconstruction of the end points of these stray
tracks.
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After fixing the coordinate system for the streamer chamber, the next thing we did
was to match this coordinate system with the downstream muon spectrometer which was
carefully surveyed before and after the experiment. At the end of the E-630 data taking
period, the three PWC's were purposely moved 15 inches toward one side (west) of the
spectrometer such that the central hole areas of the hadron filter were covered by the
active regions of the PWC's. (Each PWC bad a central circular region desensitized.) The
idea was to find events with only one or two reconstructable forward tracks that traveled
through the central hole inside the hadron filter. The direction of these tracks, free from
multiple scattering, can be well determined with the information from the three PWC's.
Some of these tracks might also be clear and measurable on the streamer chamber
pictures. Using the :‘.’:-D reconstruction results for these events we can then align the

streamer chamber with respect to the muon spectrometer.

Eight events from Run-680 and Run-681 were selected and measured for this
alignment procedure. Figure 4-10 shows one of the eight events. The bottom two
pictures show the film measurement points and the corresponding fitted tracks in the
streamer chamber fiducial volume. The solid tracks are projections of the measured
tracks on the film. The area enclosed by dotted lines around the vertex region indicates
the obscured region in the vicinity of the interaction vertex, as discussed in the
measurement rules of the previous section. The first plot on the top is an vertical view of
the whole event together with the positions and scales for the hadron filter and toroids.
The dashed line overlapping track-D indicates the track detected by the three PWC's.
The second plot is the horizontal view. Again, the same PWC track is overlapping with
the track-D. This plot also shows that the three PWC’s were shifted 15 inches toward
west. The four solid lines in these two plots are the measured streamer chamber tracks,

extrapolated through the whole apparatus.
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Figure 4-10: Alignment of the streamer chamber and the muon spectrometer
(see text)




Chapter &

THE MISS-DISTANCE ANALYSIS

In chapter 1, equation 1-13, we estimate that in order to clearly observe the charmed
particles with a visual detector, the detector should have a resolution of about 40-50 pm
or less. At the end of chapter 2, we report that in our streamer chamber pictures, the
streamer size is about 50 pm (limited by the resolution of the image intensifiers) and the
full track width is about 80-90 pm on the film mainly due to the diffusion effect of the
primary seed electrons. We also mentioned that this full track width is however not the
only limitation on the true two-track resolution of the streamer chamber pictures. In
fact, the pictures suffer from the characteristics of the self-luminous streamers such as
fluctuations in the brightness of the streamers and the halation problem on the film etc.
Empirically we determined that two close tracks are measurable only if they are separated
from each other by more than 150 pm. Taking this 150 pm as the true track resolution
on the film, the efficiency for visual identification of short lived particles from our
streamer chamber pictures will be very small. We therefore developed a different method
to extract the charm signal.

One way of finding the charm signal is to look for events -with tracks which miss the
primary vertex (tracks from the decays of short lived particles). First of all, let us take a
look at the first picture of figure 5-1 where we schematically define several event topology

parameters, S, L, 5 and #;. The miss-distance, S, is the most sensitive parameter to test
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GB(cut)= 150 mr

Figure 5-1: Definition of event topology parameters

For the top figure: (a)S - the miss-distance, the distance between a track and the primary
vertex. (b)L - decay length. (c)dp - the track angle measured w.r.t. the beam direction.
(d)6, - the angle between the daughter track and the parent track. All parameters are
measured on the streamer chamber pictures.

For the bottom figure: all visible non-primary vertex tracks with 6y greater than 150 mr
are considered as the daughter tracks from strange particles.
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Figure 5-3: S and 4 distributions

Solid line: from charm monte-carlo. Dashed line: from strange particle monte-carlo. In
these plots, we assume that the streamer chamber had a perfect resolution and all

charged particle tracks are measurable.
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whether or not a track comes from the primary vertex. The sensitivity depends, of
course, on the resolution of the streamer tracks. In our case, we found that to tell
visually that a track misses the primary vertex, the minimum value for S is about 200 pm

on the film!.

A potentially serious background in this way of defining the charm signal is the decay
tracks from strange particles such as Ko!, It etc. To see how we can suppress this
strange particle contamination, let us first compare the kinematic characteristics of the
charmed particle events and strange particle events. Figure 5-2 shows S and fg
distributions for tracks from charmed and strange particles generated by a monte-carlo
program. The basic algorithm of this monte-carlo will be described in appendix-1. For
charmed particle events, figure 5-2 includes the generation of D-D pairs with the following

distribution for the inclusive production cross section of D particles (see equation 7-1):

de
= C(1-|Xg|)Pexp(—-2.5P,) with =5 (5-1)
dXpdP,2 F '
From these monte-carlo studies, we have the following probabilities:

~ 7% for tracks from charmed particles
6 > 150 mr: { (5-2)
~ 45% for tracks from strange particles

~ 9% for tracks from charmed particles

S 2 200 pm: { (5-3)
~ 61% for tracks from strange particles

and the probability for $>200 pm and 053>150 mr:

{ ~ 1% for tracks from charmed particles
(5-4)

~ 34% for tracks from strange particles

1A1] of the values concerning the four topology parameters are referred to the values measured on the film
unless otherwise mentioned.

2These distributions are not very sensitive to the value of 8 of equation §1 in the range 1<8<7.
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If we define a kinematic cut such that all of the visible non-primary vertez tracks with
0p 2 150 mr are considered as the sccondary tracks from strange particles we will at
most loose ~1% of charm events and considerably reduce the strange particle
background. Conversely, tracks with g > 150 mr are in general not from charm and
can be used to define the primary vertex.

Based on these considerations, we set up the miss-distance analysis for the

measured events as follows (see figure 5-1) :

e Remove all of the tracks which visually miss the primary vertex and have 6 > 150
mr from the measured events. In the case of the vee tracks, if one of them has g

greater than or equal to 150 mr, remove both tracks from the event.

o Assign all of the measurable nuclear fragments and ordinary tracks with 5 > 150

mr to the primary vertex.
e Fit the primary vertex.
e Calculate the value S and the error, DS, for tracks with g less than 150 mr.3
e Calculate the quantity S/DS.
¢ Find the largest value of S/DS, from both views, for each event.

e Tag the events with the largest value of S/DS greater than or equal to 3.

From the monte-carlo study?, we estimate that the probability for a charm event, which
satisfies the topology rcqm'm:mcnw5 of the miss-distance analysis, to have the quantity

S/DS greater than 3 is ~ 38% (see table 6-1). On the other hand, the probability for a

3Note that tracks that visually miss the vertex and are not removed bythe kinematic cut are treated
exactly the same as tracks that do not visually miss the vertex.

4See appendix-I, the monte-carlo takes the measurement process into account.

At least two measurable tracks with fp > 150 mr to make up the primary vertex and at least one
measurable track with #5 < 150 mr for the S/DS calculation.
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single vertex event which satisfies the topology requirements of the miss-distance analysis
to have S/DS greater than 3 is ~ 4%. Figure 5-3 illustrates the S/DS distributions of
charm events and single vertex events. Also shown in figure 5-3 is the histogram of the
quantity S/DS cauculated from 892 interaction trigger (NI-CV) pictures. The majority of
these interaction events were expected to be single vertex events. The.monu‘-carlo

distribution for single vertex events adequately reflects the overall shape of the histogram.

In principle, there are three possible causes for a big value of S/DS. They are 1) a
real charm event, 2) strange particles and 3) the statistical tail in the distribution of the
quantity S/DS. Presumably, only a certain fraction of our muon-trigger events (see
section 3.2 and section 4.2) contains charmed particles. If we want to apply this miss-
distance analysis to the measured muon-trigger events, we have to estimate the
backgrounds due to the strange particles and statistical fluctuations. The best and most
unbiased way of doing this is to use the interaction-trigger events.

The off-line muon analysis has already been discussed in chapter 4. The total
number of events in the various categories for the purpose of this analysis is also listed in
table 4-1. The matched-muon events included in item 14 of table 4-1 were selected
according to the requirement that the reconstructed muon track should have the potential

to match with one of the tracks inside the streamer chamber. The match-up criterion is
x?=(0,-0,° / (68,2+80,%) < 4.0

where 0" and 6, are the horizontal angles of the muon track and the streamer track

respectively. In general, there are three possible classes of events:

Case ] The muon track matches with one of the measurable tracks in the streamer

chamber picture.

Case 2 The muon track falls inside the obscured region of the streamer chamber picture

due to a group of tracks which are very close to each other.
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S/0S

Figure 5-8: S/DS distributions

Solid line : from monte-carlo charm (D-D) events. Dashed line : from monte-carlo single-
vertex events. The monte-cario includes the picture quality simulation and the film
measurement process (see appendix-1). The histogram is the S/DS distribution calculated
from 892 NI-CV pictures.
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Case 3 The muon track can not possibly match up with any track inside the streamer

chamber.

For events belonging to case 3, the reconstructed muon-tracks are conmsidered as not
originating inside the streamer chamber and therefore should not be included in the final

analysis for extracting the charm signal.

What we will eventually do is compare the result from the miss-distance analysis for
the best-matched-muon sample (769 events; item 14 of table 4-1) to the result for the
interaction-trigger sample (1612 events; item 12 of table 4-1). However, due to historical
reasons, the whole apalysis started from the sample of 1492 better-muon events (item 15,
table 4-1). From this better-muon sample, 831 events satisfied the topology requirements
for the miss-distance analysis and "120 events had at least one track with S/DS > 3 in
either view 1 or view 2. From the interaction-trigger sample, 892 events satisfied the
topology requirements and 88 events had at least one track with S/DS > 3 in either view
1 or view 25, Events with S/DS > 3 were then rescanned twice, by a scanner and a
physicist independently. The reason for this rescanning process has already been
mentioned in section 4.2. In the first measurement of the streamer chamber pictures, the
measurers were instructed to measure whatever was visible and at all measurable on the
film. As a result, many events which were not really measurable or did not satisfy all of
the measurement rules were included in the first measurement.

During the rescanning process, the following classes of events or tracks were removed

from the measurement data:

e Events which are too faint to be measured.

e Events which have too big an obscured region or a dark background due to the

discharge inside the streamer chamber in the previous frames.

®From now on, for the simplicity of discussion, when we say an event with S/DS > 3 we mean that this
event has at least one track with S/DS > 3 in either view I or view 2.
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o Charged particle interaction events.

e Events which are really stray tracks due to particles striking the metal frames of the

streamer chamber.
o Tracks too close to each other.

o Faint tracks. Usually, faint tracks are associated with faint events. However, there
is a small fraction of the tracks that are faint because of small streamer density or

possibly due to the fluctuation in the local field inside the chamber.

e Mislabeling of tracks. For example, the nuclear fragments were sometimes
mistakenly labeled as ordinary tracks. In this case, we simply corrected the

mistakes and kept the tracks.

In the process of rescanning the pictures, events from the muon sample are mixed
with events from the interaction-trigger sample to avoid psychological bias. After
rescanning, 34 events from the muon sample have the quantity S/DS greater than 3 and

14 events from the interaction-trigger sample have S/DS greater than 3.

One inefficiency factor which should be discussed here is the loss of events due to the
picture quality or the event track topology. For an event to be included in the final miss-
distance analysis, the event must have at least two measurable tracks with 6 greater
than 150 mr and one measurable track with 0 less than 150 mr. Thus the overall
probability for an event to be included in this analysis is a combination between the event
topology and the picture quality. The topology efficiency was estimated with the ratio of
the 831 events, which satisfy the topology requirements, to the original 1492 better-muon

events. That is

831

To estimate the picture quality efficiency, 184 events were randomly selected from

the better-muon sample and rescanned. After rescanning, there were 148 events which
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still satisfy the topology requirements of the miss-distance analysis. Hence the overall

picture efficiency can be estimated as

epix-stopology X é.pict.ul'e quality

or

€pix ™= (0.56::0.02) (148/184) = 0.45:+:0.04 (5-6)

Here the symbol Cpix represents the probability for an event to be included in the miss-

distance analysis.

m T
o _ &
e et A AT
= =

Figure 5-4: An event picked up by the miss-distance analysis

An interesting point for this analysis method is that events like the one shown in
figure 5-4, which was picked up by the miss-distance calculation, could very likely be
missed if the event-selection depends completely on the visual scanning of the pictures.
Examining figure 5-4 carefully (by viewing the picture at a shallow angle with respect to
the surface of the paper), one will find that track-E misses the primary vertex (S == 4004
and S/DS == 5.39). This example shows that although the miss-distance method
sacrifices a lot of events (because of the topology requirements), the method is however
free from scanning losses which occur in the traditional analysis procedures for bubble

EN
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chamber experiments. Figure 5-5 shows the measurement points, the point measurement
error bars and the fitted line for this event. Track A and track H are both with 85 > 150

mr and are therefore assigned to the primary vertex.

So far, the miss-distance calculation is applied to the sample of better-muon events
and a comparable sample of interaction-trigger events. We now apply more stringent
muon selection requirements, the best-muon criterion, and the matehed-best-muon
criterion (see section 4.1, and table 4-1 for details). With tighter muon selection criteria,
we expect to remove more background events but still keep most of the real muon events
from charm decay. Table 5-1 summarize this clean-up process. Let us now concentrate
on the matched-best-muon sample and the snteraction-trigger sample. From the
interactson-trigger sample, there are 892 events included in the miss-distance analysis and
14 events have S/DS greater than 3 after the rescanning procedures. From the
matched-best-muon sample, there are only 382 events included in the miss-distance
analysis and 23 events, after rescanning, have S/DS greater than 3. Therefore the
expected number of background events which have S/DS greater than or equal to 3 can

estimated as

14 x (362/892) = 5.68 events (5-7)

Figure 5-6 shows the histograms of the quantity S/DS from both the 23 muon events and
the 5.68 normalized background events. By subtracting these two numbers directly, the

charm signal is estimated as

23—-5.68 == 17.321+4.73 events (5-8)

Before concluding this chapter, let me point out an interesting (self-consistent) check
between the data and the monte-carlo predictions. From the monte-carlo study. the
possibility for a detected charm event (i.e. at least one track with S/DS > 3) to have two
tracks with S/DS > 3 is about 19%. The possibility to have three tracks with S/DS > 3
is about 6%. These probabilities imply that out of the 23 detected events in our data

(17.32 events are charm events), we should expect to have 3 events with two tracks
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having S/DS > 3 and 1 event with three tracks having S/DS > 3. In our data, within
these 23 events, 2 events have two tracks with S/DS greater than 3 and 1 event has three
tracks with S/DS greater than 3. Even though the statistics are low, the results are

however consistent with the monte-carlo predictions.
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Total number of | Number of events| Nmuber of events| Number of events
with ith
Samples events included in the $/DS 2 3 S/Dg é 3
miss-distance .
analysis (after rescanning
Better muon 1492 831 120 34
"Matched" ’
Best muon events 640 362 66 23
Interaction-
trigger 1612 892 88 14
events
Table 6-1: Summary of the miss-distance analysis
4
3
1
1N
-
1 ILz * --501(15.95)
i H
| - (8.08)
RRS | R e ) -->+081 {(8.78)
Ay if i
1 1 [ l |
T 1 T T
3 4 5 6 7
(S/DS)
Figure 5-8: Histogram of S/DS for events with S/DS > 3

Solid line: from the matched-best-muon sample.
interaction-trigger sample.

Dashed line: from the normalzed




Chapter 6

RESULTS AND DISCUSSIONS

~s

6.1 CALCULATION OF THE CHARM PRODUCTION CROSS
SECTION
First of all let me introduce the following symbols which will be used as either
superscripts or subscripts to indicate certain categories of quantities when we calculate the

charm production cross section.

p: Primordial production. In our experiment, this symbol corresponds to the number

of ungated trigger events.

t: The gated trigger events!. By trigger, we mean either muon-trigger or
interaction-trigger. Also note that a streamer chamber picture was taken with

every gated trigger in our experiment.

mf: Measurable fiducial interaction events. For example, the miss-distance analysis

includes only measurable fiducial interaction events.

c: Charm production events.

1See section 3.2 for the definitions of gated triggers and ungated triggers.
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u Muon-trigger (NI-CV-MU), gated or ungated.
int:  Interaction-trigger (NI-CV), gated or ungated.

det:  Detected events. That is the number of events detected as the signature of charm

production events according to the S/DS analysis (chapter 5).

G/UG: Quantities associated with gated or ungated triggers such as the gated muon
triggers, ungated interaction triggers etc. See the last paragraph of section 3.2 for

examples.

There are two basic assumptions implicitly included in the calculation of the ratio of the

hadronic charm production cross section to the hadronic inelastic interaction cross section:

Assumptions

1. As is mentioned in the measurement rules of section 4.2, the miss-distance analysis
includes only measurable fiducial interactions events. We assume that the fiducial
and measurable requirements do not distinguish between charm production events
and ordinary inelastic interaction events. In fact, this assumption is consistent

with the ratios between item 7, 10 and item 9, 12 of table 4-1 (section 4.2).

2. We also assume that the loss of the events due to the existence of the cone-shaped
veto counter inside the hadron filter and the second toroid is the same for both the

charm production events and the ordinary inelastic interaction events.

Now as a first step to calculate the ratio of the hadronic charm production cross
section to the hadronic inelastic interaction cross section, let us suppose our experiment
was capable of identifying all of the primordial charm production events and all of the
ordinary hadronic inelastic interaction events. In this case, the ratio of the production

cross sections would be

o
'a_—c = N}c’/ me (6-1)
int
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where NP is the total number of charm events produced and NP, is total number of
inelastic interaction events®. If we further suppose that we took pictures for all of these
primordial production interactions, from the first assumption above, we have

9. pmf | NS

- = Nc / int (6-2)

aint

In our experiment, we did not collect all of the primordial charm events (nor did we take
pictures for every interaction). Instead, we collected a fraction of N’c” u charm events
which satisfy the muon-trigger requirement. Let us define E'; as the probability for a
charm event to satisfy the muon-selection requirements (including the on-line muon-

trigger and the off-line muon clean-up processes), then

New = NeE,

or

Nxc’:zlf = Ng,mf.g;‘ (6-3)

and

ac . vamf N?vm! {C 6-4

Oy o [ (NG (6-4)
in

So far, we always use the primordial production numbers (the superscript p) which
correspond to the ungated scalars in our experiment. However, the charm signal can only
be established through the gated muon-trigger events since the streamer chamber was
triggered on the gated triggers only. Statistically, the values of Ng::’f and N{’l;""f can be

expressed as

%Since both N2, and N? are accumulated in the same experiment over the same period of time, the factors
concerning the beam flux and the target density can be neglected here.
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N:’yl""‘f = Nﬁ’,’,’,"f [ (N;calar . / (N;calar)c ] (6-5)

fo;:n J — N_!,m J [ (Nccalar)uc / (N-’“’")G ] [(Ngcalar)c / Nt,uan

int int int int int

or

N&TI —_ N:g:af [ (Nacalar)UG / Nscan (6-6)

int int

where (N;“’l‘")vc and (N:‘“l"")G are the total numbers of ungated muon-trigger events and

gated muon-trigger events respectively.  Obviously, (N;“I")G is a sub-sample of

(NZ“‘I‘") and only events in this sub-sample are associated with the streamer chamber

UG

pictures. Nf:":f is the total number of measurable charm events satisfying the on-line

muon trigger requirements. This number will be obtained from the results of the miss-

scalar

distance analysis. (N*

)y corresponds to the total number of interaction-trigger

events. Ni';t“’" is the number of interaction-trigger events included in the measurement

t.ecan

list. N'™/ is the number of fiducial and measurable events from the sample of NG

int

The ratio of Ni™/ to NH®¢" is simply the effect of the measurable and fiducial
int int

requirements of the first assumption mentioned above.

Now, let us apply the miss-distance analysis to a sample of N:""’f muon-trigger events
and a'comparable sample of Ni'r',':'f interaction-trigger events. Let us also assume that
there are Nz’,':f charm events in the N:""‘f muon-trigger sample3. As we have already
discussed in the previous chapter, only a portion of the N:’,""“f events will be included in
the calculation of the quantity S/DS due to the picture quality requirement and event
topology requirement (this fraction is represented by the symbol £pix in equation 5-6). As
a result of the miss-distance analysis, there is a certain probability for a charm-event to

contribute to an entry with S/DS greater than 3.0. Let us call this probability ¢, and the

3The sequential logic is: Within (N*®7)  events, N.™/ are measurable. Within this N'™/ events, there
b N g thy: »
are, presumably, Nc";" charm events. The value of Nt'_u’ is what we are eventually interested at.
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total number of detected charm-events N:", we then have

d )
Nc“ = N:,';:f ) cpix “¢ép (6-7)

and equation 6-5 can be rewritten as

N;;,Z)f — [(N:‘calar)uc / (N;cnlar)c ] l N:ct / eD'Epi.x ] (6-8)

We can now put equations 6-4, 6-6 and 6-8 together. The ratio of the cross sections can

be calcualted as:

o
—£ = NEHLINGm) g NEL™ / INGe g (N32o) NERY €001 ) (6-9)
int

where &, ., = 6‘;‘-51)-5 - (6-10)

pix

Some of the quantities in equation 6-9 are included in table 4-1, they are

(N&ealar) o = 221277

(Ngcalar

salary = 447798691

Np&e™ = 18460

nt

(N&eeler), = 116073

Ntm/S = 1612

int

Thus let us rewrite equation 6-9 as

o 4.88x10"%
—& = Nét % (6-11)
aint total
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The quantity £, ., is the multiplication of three efficiencies, 6';, ép and £})ix' The value

of £pix has been estimated in chapter 5 (equation 5-6) as

£ = 045 2 0.04 (6-12)

€p, the detection efficiency, is the probability for a charm event, which eatisfics the
topology criterion for the S/DS analysis method, to have at least one track with S/DS
greater than 3. This efficiency is estimated with a monte-carlo program (appendix-1) and
its value depends basically on the lifetimes of the charmed particles. Table 6-1 lists the

values of £, versus various different charmed particle production models.

The charm muon-trigger efficiency, é';, has been defined in equation 6-3. This
efficiency is a combination of the on-line charm-trigger efficiency, €m5, and the off-line

£

software" Hence

muon selection efficiency, fpwc-

¢

software

& =¢,

£ (6-13)

rig “pwe’

where £ is the software efficiency for the muon-selection program to detect a muon

ftware

from the semileptonic decay of the charmed particle. This number is estimated, from the

monte-carlo study, as

¢

software

= 0.89 + 0.03 (6-14)

£pwc is the overall efficiency for the three PWC's to detect a muon which traverses the

muon spectrometer. This number has been estimated as (the combined efficiency for the

three PWC's [78])

Epwe = 0.74 £ 0.04 (6-15)

The on-line trigger efficiency, ¢, .. , for a charm event is also estimated with the monte-

rig’
carlo program of appendix-I. This efficiency represents the probability for a charm-

anticharm pair to satisfy the muon-trigger requirements described in section 3.2.

Again, £, ;. depends on the production model and the semileptonic branching ratios of the

rig
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charmed particles. Table 6-1 shows the values of etris

Let us subsititute the values of Epix , Epwc and ¢,

versus various production models.

fiware into equation 8-11, the ratio

of the cross sections is

o
c de

Oint

,(1.8540.18)x10~7
Curig €D

— (6-16)
rg
where the error represents the overall systematic error imtroduced in estimating the
various efficiencies.

In the last cha'pt.erh,aas a result of the miss-distance analysis, we stated that there are
23 events with S/DS > 3.0 (indicating charm production signal) from the
matched-best-muon sample. Presumably, these 23 events include real charm events and
background events due to statistical fluctuation and strange particle contamination. The
number of background events is estimated (equation 5-7) as 5.68 events from the
normalized interaction-trigger sample. Therefore by subtracting these two numbers

directly, we have

N = 17.32 + 4.73 events (6-17)

Table 6-1 lists the values of o /o, , (the ratio of the nucleon-nucleus charm
production cross section to the nucleon-nucleus inelastic interaction cross section) versus
various production models. Also listed in this table are the absolute values of the
nucleon-nucleon charm cross section, &, calculated with either Al or A™® dependence for
the production cross section. The value of nucleon-nucleon inelastic interaction cross
section for this calculation is taken as 32 mb. The charmed particle production models
used in this table follow the distribution [11, 15, 20] (see Appendix-1, equation 7-1)

dx_;%?= C(1-|Xp|Pexp(—aP,) (6-18)

(with a = 2.5)
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with each charmed particle produced independently. The value of f is taken as a variable
of the production model. The parameter a is fixed to 2.5 since the P, distribution has
been measured by several different experiments and the results are consistent with the

distribution exp(—2.5P,) (see, for example, reference [11, 14, 74)).4

For the semileptonic branching ratios of the charmed particles, we use the

relationships (see Eq. 1-6, Eq. 1-7 and reference [38])

#(D*)/1D% = BR(D*)/BR(D?) = 2.1

and [BR(D*)+BR(D?))/2 = 8%

hence

BR(D* — p) = 11% (6-19)
BR(D® — p) = 5% | (6-20)
and (18]

BR(AT — p) = 5% (6-21)

The trigger efficienfy, é'ms, of table 6-1 was calculated according to the weighted sum
of the monte-carlo estimations for two different magnetic field polarities in the toroids.
During the experiment, the magnetic field polarity of the toroids was frequently reversed.
One polarity focused positive charged particles and the other one focused negative
charged particles. In either one of the toroid polarities, the trigger efficiency for the
positive muons was expected to be different from the trigger efficiency for the negative
muons. For example, if the toroids were set to focus positive charged particles, positive
muons would have a higher possibility than negative muons to curve into the central holes

of the toroids and thus to fail the muon-trigger requirements.® The total number of

4Some groups fit the P, distribution to a form like exp(-l.le). From the monte-carlo study, our trigger
efficiency is not sensitive to which distribution form are used. The trigger efficiency is also not very
sensitive to the exact value of o within the range between 2.25 and 2.5.

5Most of the tracks from the charm decay were confined in a small angular region with respect to the
beam direction (see figure 5-2).
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ungated interaction triggers included in this analysis was 447798691 (item 2 of table 4-1).
Within this amount, 241403041 triggers were taken with the toroids set to focus positive
charged particles and 206395650 triggers were taken with the toroids set to focus negative
charged particles. Therefore, in calculating the overall trigger efficiency, we included the
weight factors of 0.54 and 0.46 for positive focusing toroid polarity and nega.tive focusing
toroid polarity respectively.

Generally speaking, for production mechanisms with the same distribution for the
charmed and anticharmed particles (such as the D-D production with the same 8 value),
the difference in the toroid polarty should not affect the overall trigger efficiency. For
production models such as the A':-'ﬁ production, the event trigger efficiency depends on
the toroid polarty if the # value of the charmed particle is different from the 8 value of
the anti-charmed particle. For production models with small value of 8 (such as § ~ 1),
most of the charmed particles are produced in the forward and backward direction
(i.e. high |Xg| value) in the center of mass system. Muons from the forward produced
charmed particles were likely to fall into the central holes of the hadron filter and would
be rejected by our muon-trigger requirements. Muons from the backward produced
charmed particles were likely to be stoped inside the hadron filter because of low energy.

Therefore, the smaller the g value, the smaller the trigger efficiency.

The values of the cross section listed in table 6-1 are calculated according to the
various assumptions the charm production mechanism. The first error for all of the
values in this table is the statistical error and the second one is the systematic error which

comes from the uncertainties in estimating the efficiencies for equation 6-9. The values of

UC

a'c(Az/s) were calculated directly from the ratios of the cross sections (with o, = 32

int
mb). Since the gas inside the streamer chamber was Ne(90%6)+He(10%), the A value was
approximately equal to 19. The relationship between the nucleon-nucleon cross sections

. 2/3 .
calculated according to A! and A / dependence assumptions can be expressed as

o(A') =038 0 (A*") (6-22)
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It should be poted that the systematic errors in table 6-1 do not include the errors
due to the uncertainties of the charmed particle lifetimes and the semileptonic branching
ratios. Generally speaking, the detection efficiency, é'D, depends linearly on the average

lifetime of the charmed particles. The trigger efficiency, ¢, . , depends linearly on the

rig’
average semileptonic branching ratio of the charmed particles. The average lifetime and

branching ratio used in table 6-1 are (see equations 1-6 to 1-9 and equations 6-19 to 6-21)

<D Iifetime>“ = 6.1 x 10713 gec.

<D branching ratio>,, = 8%

If different average lifetime or average branching ratio should be used, the corresponding
value of the cross section can be calculated by using equation 6-16, equation 6-17 and

equation 6-22.
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6.2 DISCUSSIONS AND CONCLUSIONS

Table 6-1 lists the ratios of the hadronic charm production cross section to the
hadronic inelastic interaction cross section and the absolute values of the nucleon-nucleon
charm production cross section. These values were calculated according to the various
different production models. Since we did not have a fixed energy incident neutron beam
and since the muon spectrometer was not capable of identifying hadrons such as pions
and kaons etc., we can not measure directly the Xp dependence for the produced charmed

particles in this experiment®.

It is interesting to note that the cross sections calculated with the A;”-ﬁ production
models are obviously larger than the results based on the the D-D production models.
The reasons are partially because of the low trigger efficiency for muons from the A:-T)
events (since these models use ﬂatt;r X distributions for the production cross section; as
discussed in the previous section) and partially because of the low detection efficiency due
to the short life time of the A:’. In this experiment, we tried to compare the relative
importance between the D-D production models and the A':-T) production models

according the following probability analysis.

Within the 23 charm signal events, some of them were taken with the toroids set to
positive charged particle focusing mode and some of them were taken with the opposite
toroid mode. (The two toroid polarities are discussed in the previous section.) If we

classify these event acording to the signs of the muons and the polarities of the toroids,

we get:
n,=1ntt =11 (6-23)
= Number of positive muon events detected with positive focusing toroids.
n,=n"t=3 (6-24)

Number of negative muon events detected with positive focusing toroids.

®We tried to use the distribution of the muon pseudo-rapidity as a means of distinguishing between
models with different Xp dependence. However, this method failed because the statistics of the data is not
high enough for us to make sensitive comparisons.
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np=nt"=5 N (6-25)
== Number of positive muon events detected with negative focusing toroids.

D=0 =4 (6-26)
= Number of negative muon events detected with negative focusing toroids.

and

N=mn,+n,+03+0n,=23 (6-27)

Now suppose we know the probabilities for an event to be in n;, Dy, Dy OF N, We can
calculate the probability, Py for us to observe the event distribution as described in
equation 6-23 to equation 6-26. Suppose we repeat the experiment many times, the value

of N in equation 6-27 is expected to follow a Poisson distribution with mean value v=23.

The problem is actually a combination between the multinomial distribution and the

Poisson distribution:

Define

R, = Probability for an event to be in the n, category.
Ry = Probability for an event to be in the n, category.
R; = Probability for an event to be in the n, category.
R, = Probability for an event to be in the n, category.

(These probabilities will be estimated from the monte-carlo study)

Then the probability P of having n;, ny, n; and n, can be calcualted as (see reference [78]

for detailed discussion)

P = ﬁ i—(VRi)"iexp(—VRi) (6-28)
i=1 nl!
Define

Py, = P(n,=11, n,=3, n;=>5, n,=4 and vr=23)

The probability, P to observe a set of {n;} values which has the P value less thau or

sum’

equal to Py can be calculated by summing equation 6-28 through all of the possible values

of N with all of the possible combinations of n;’s (with the condition P<P,). A detailed
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discussion of the calculation of P, P_ — and the estimation of the R; values will be given
in reference [78]. The results are summarized in table 6-2. As can be seen from this
table, the values of P, for the AY-D production models are much smaller than the

values for D-D production models. The reason can be explained as follows.

As suggested by Halzen in reference [15), for the A:—ﬁ production models, since the
A:’ contains two valence quarks and the D contains only one, the production distribution
for A: is expected to be flatter’ than the distribution for D. In this case, the positive
muon from the decay of the forward produced A:’ would have higher probability than the
negative muon from the D to fall into the certral hole of the muon spectrometer. On the
other hand we would also have a higher probability to get a low energy (less than 6 Gev)
positive muon from the backward produced A: than the low energy negative muon from
the backward produced D. Our apparatus would therefore have a higher probability to be
triggered by the negative muons. This difference in the positive and negative muon
trigger efficiency would be even enhanced when the toroids were set to focus positive
muons. Therefore we should have detected more negative muons than positive muons.
This is however inconsistent with our data, in particular when one compares the value of
n; (11) to the value of n, (3). Equation 8-23 to equation 6-26 indicate that we observed
more positive muons than negative muons within our final detected charm signal events.
Even though the statistics are limited, our results do indicate that the charm production
process can not possibly be completely dominated by the A:’--D production mechanism in
which the A;" baryons are more diffractively produced than the D mesons.

Suppose the produced charm-anticharm quarks are always hadronized into D-D
mesons. The D meson consists.of a charm quark and an anti-light quark (u or d), neither
one of them are from the valence quarks of the interacting hadrons. Contrarily, the D
meson contains one valence quark from the interacting hadrons. Therefore one may

expect that the D meson will be produced more centrally than the D meson. The positive

7Small value of 8 in table 6-1.
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Table 8-2: Valuesof R, P_and P, for different
production models

The value of R, were calulated from charm monte-carlo together with the estimation of
background events. 140 events with 1.0 < S/DS < 20 from the matched-best-muon
sample were used to estimate the background distribution. For this background sample,

| B,=30, =38, ng=>51 and n =21. J
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muon from the decay of the D meson will thus have a higher possibility for being
accepted by our muon spectrometer. Two production models of this type are also

included in both table 6-1 and table 6-2.

Now let us compare our cross section values (table 6-1) to the result from the high
resolution bubble chamber experiment. The average value of the cross section measured
in this experiment (for the case of AY? dependence and from the D-D production models
of table 6-1) can be estimated to be on the order of 17.69+6.81 ub (the error was
calculated as a combined error including the systematic error due to the various different
production models.) The inclusive D or D production cross section in 360 Gev pp
interactions was measured by the LEBC EHS Collaboration [37] as 56 (+25; —12) ub.
From this inclusive cross section, they estimate (with assumptions on the production
models) the event cross sections as o(DD) = 24 (+9; ~5) ub and 0(11:’.13) = 8 (+10; -8)
pub. Since our data were collected over the whole neutron spectrum, the cross section
calculated with equation 6-16 (and the values of table 8-1) are actually the average values
weighted by the neutron spectrum (let us use the symbol <&_.> to indicate the averaged
value from now on). Thus we can not compare our cross section values listed in table

8-1 directly to the LEBC values.

The dashed line of figure 8-1 shows the distribution of the interaction center of mass
energy calculated according to the E-830 neutron spectrum as discussed in section 1 of
chapter 3 (figure 3-5). The three solid lines in this figure are the theoretical predictions
for the charm production cross section as functions of the center of mass energy (sece
figure 1-5 of chapter 1). These curves are reproduced from reference [69] and [11]. Let
functions a(Sl/ %) and E(S‘/ 2) represent the cross section and the center of mass epergy
distribution respectively, the value of the average cross section measured in our

experiment will be
<o > = [ o(SY2)E(sY/?)d(s"2) [ [ E(s'/?)(s/?) (6-29)

and (with numerical integration)
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Figure 8-1: Charm production cross section and the distribution of the
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<o (for curve a)> ~ 30.7 pb (6-30)
<o (for curve b)> ~ 8.0 pb ; (6-31)
<o (for curve c)> ~ 5.0 pb (6-32)
On the plot of figure 6-1, the value of the event cross section of LEBC (~; 24-32 pb),
at /S=26 Gev, will fall in between curve a and curve b. Taking into account the effect
of our neutron spectrum, the corresponding average cross section (equation 6-29)

estimated from the LEBC value will be

<ac>from LEBC ™~ 15 - 22 pb

This value is reasonably close to our cross section values in table 6-1, for the D-D
production models and assuming :m A dependence. Since the data of LEBC was
collected from the proton-hydrogen interactions, their value is the absolute value for the
nucleon-nucleon interaction cross section. Therefore, in order to be consistent with the
LEBC result, our data favors the AY® cross section dependence for the hadronic charmed

particle production.
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CONCLUSIONS

In this thesis, 1 report the experiments in which a triggerable streamer chamber was
used as a visual vertex detector for studying the hadronic production of charmed
particles. We achieved a streamer size of 50 ym, a full track width of 80pm and a two
track resolution of 150 um. Even though we consider the performance of the streamer
chamber is technically successful, the resolution (150 um on the film) is marginal for the
study of charm physics. Utilizing the triggerability of the streamer chamber, out of about
45 million hadronic interactions, 1807 muon trigger pictures were selected and measured.
With a special miss-distance analysis, we obtained 17.3244.73 events as the charm
production signal. With various assumptions for the D-D production mechanism, the
nucleon-nucleon charm production cross section, averaged over the neutron spectrum, can
be estimated according to the assumption of either Al or A™? dependence for the cross

section (see table 6-1) :

<o.,> ~ 58 pb For Al dependence
and
<0.> ~ 1320 pb For A** dependence

Our result is consistent with the analysis of the LEBC Collaboration if the AY®

dependence is chosen.



Appendix I. MONTE-CARLOS

1.1 THE CHARM MONTE-CARLO - <MONTED >

A Fortran monte-carlo program, <MONTED >, has been developed to simulate the
badronic charm production interactions. In this section, the algorithm of the program
will be described step by step.

¢ Neutron spectrum generator - <NEUTRN>
The incident neutron energy is generated according to the neutron spectrum of equation
3-4 and figure 3-5 with the minimum value of Xy set at 0.3. The center of mass energy,
S.m for the neutron induced interaction is calculated according to the generated neutron
momentum.

o Selection of charm pair - <DPAIR>
The charmed particles are always produced in pairs. For the case of AY-D production,
the D particles are chosen equally between D~ and D°. For the case of D-D production,
the charm pairs are chosen equally among (D*-D"), (D*-D%), (D%5°) and (D~-D?).

¢ Production mechanisms

Two different production mechanisms are included in this monte-carlo:

(A) <DGENTR >
Charmed and anti-charmed particles are produced independently according to the

following distribution

do
dXgpdP,?

= C(1-|Xp|V exp(—aP,) (7-1)

where a = 2.5 (see discussions for equation 6-18 of section 6.1) and the value of g is
chosen between 1 and 7 [15] according the the various production models. In our data

analysis, we used this production mechanism (see section 6.1).
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(B) <MASSDS>

The mass of the composite D-D system is generated according to the distribution [20]:

M3dN/dM = ¢~0-55M (7-2)

with a and f of equation 7-1 equal to 2.23 and 2.96 respectively.

¢ Selection of charm decay mode - <DMODE>
The decay of a charmed particle is considered only if it decays before the front end of the
first hadron filter!. The decay position is calculated according to the lifetime (Eq. 1-8 to
Eq. 1-9) and the momentum of the decaying particle (subroutine <DECAYP>).

Only Cabibbo favored decay modes are currently included in this program. That is

the charm quark always decays via the process

c€) — o35) + H(I") + v (7-3)
or
c(c)—~ss)+a+q (7-4)

Equation 7-3 leads to the semileptonic decay mode (subroutine <SMILEP>) and
equation 7-4 leads to the hadronic decay mode (subroutine <HADRON>). For D
particle decay, the s quark is assumed to hadronize into a K meson or a K’ meson with

equal probability (the K subsequently decays to Kr) according to the spectator diagrams.

Therefore
D* = ROK*) + X (7-5)
D° - K- (K~*)+ X (7-8)
and so on

For A} decay, we assume that the s quark hadronizes equally into A° and (K+p)

channels.

1Most of the charmed particles will decay inside the chamber.
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We also assume that the ratio of the semileptonic branching ratios is equal to the

ratio of the lifetimes:

BR(D*)/BR(D°) = {D*)/r(D") (7-7)
with BR(D—p) = BR(D—e) = BR(D) and ‘

[BR(D®)+BR(D*)]/2 = 8% (world average)

For A}, we assume that BR(A}—p)=5%

For the hadronic decay mode of the D particles, we assume that the D particles
always decay to Kx-- system. The number of pions is chosen to be equal to 1+n where n
is generated according to the Poisson distribution with a mean value equal to 1.7
(DHMEAN). For A}, we assume that A} decays into Ax- or Kpx- systems. Where
again, the number of pions is equal to 1+n with <n>=0.5. (In the process of choosing

the type of pions, charge conservation is always considered in the subroutine <PIONS>)

Once the decay mode is chosen, the decay mechanism follows a uniform phase space
distribution. The subroutines <THREEB>, <DALITZ> and the program <SAGE>?

are used as the uniform phase space generator for this monte-carlo.

After selecting the decay modes for the charm-anticharm pair, the program requires
the existence of at least one muon among all of the final state particles. If not, a new
pair of charmed particles will be generated.

e Strange particle decay
The subroutine <KAONS> t;kes care of the decays of the K mesons. Subroutine
<SBRYON> handles the decays of the strange baryons T*, X, A and Z°. The
various decay modes and branching ratios are chosen according to the particle data
book [144).

e Generate tracks for the primary vertex - <PRIMRY>

In order to simulate the neutron induced interactions inside the streamer chamber, pions

2Jerry Friedman, LBL Group A Programming Note No. P-189, 1971
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are generated together with the charm pair for each event. The number of charged pions

is chosen according to the relationships

<N(r*)> = <N(x7)> = 1N, > (7-8)
and [140)
<N,> = 2.12 + 0.179(InS,g) (7-9)

where <N>> is the mean value of a Poisson distribution and S,qr is the effective center of
mass energy. In reference [140), S,y was calculated by subtracting the energy of the
leading particles (both forward and backward) from the total center of mass energy. In
our case, S p is calculated by subtracting the energy of the charm-anticharm pair from

the total center of mass energy.
These pions are then generated according to the distribution [130]

do

———— = A exp(—7.0P,+0.5P,%) exp(—0.14Y 2) (7-10)
2 t t cm
dy  dP,

where Y is the rapidity of the pions

¢ Charged particle track generator - <TRACK>
All charged particle tracks inside the streamer chamber® are converted into the film
images (view 1 and view 2). This space to film conversion follows the algorithm of the
three cﬁmcnsional reconstruction discussed in chapter 4. At this step, all measurement
points are generated at the center of the track image. This monte-carlo measurement
output is arranged in a format suitable for the E-630 analysis program - <MAPP>.

e Trigger requirement - KCONDTN> and <PROPAG>
The muons from each monte-carlo event are propagated through the muon spectrometer.
If none of the muons satisfys the muon trigger requirements as described in chapter 3, the

event is aborted and a new charm-anticharm pair will be generated.

3the effective field region inside the chamber is chosen as 3.5 mm as discussed in section 4.3
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e Track "blocking' simulation - <REMEAS>
In chapter 2 and chapter 5, we mentioned that although the full width of the streamer
chamber track is about 80 u on the film, we can not measure the regit;ns where two
tracks are closer than 150 gm. In order to simulate this track overlapping effect, a set of
measurement points are generated for events which satisfy the trigger requirements. This
monte-carlo measurement procedure should have a net result statistically similar to that
of the real measurement of the streamer chamber pictures. The measurement points are

generated according to the following guides:

1. The distances between the measurement points and the center of a track follow a

Gaussian distribution with standard deviation equal to 0.014 mm (see section 4.2).
2. If a track is shorter than 1.5 mm, this track is not measurable.

3. The distance between two successive measurement points, DL, is equal to the
maximum value between 1 mm and one eighth of the track length. If the track

length is shorter than 2 mm, DL ranges randomly between 0.5 to 0.7 mm.

4. A point is measurable only if no other track is within a distance of 150 pm from

this point.

5. Some tracks might have to be divided into two or three measurable sections (for
example, two tracks crossing over each other). In this case the minimum length

for a measurable section is chosen as 1 mm.

8. If a track misses the primary vertex by greater than 0.2 mm, the program labels

this track as a non-primary-vertez track. Otherwise the program labels the tracks

as if they are associated with the primary vertex.

Figure 7-1 to figure 7-4 are comparisons between the monte-carlo and the real data.
It is fair to say that the monte-carlo reflects the the overall character of the E-630 data
very well. This is very important since we use the monte-carlo to estimate the detection

efficiency of the charm signal in our S/DS analysis (chapter 5).
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1.2 STRANGE PARTICLE MONTE-CARLO - <STRNGE>

In order to study the problems of the strange particle backgrounds and to provide a

corresponding monte-carlo program for the interaction-trigger events (section 3.2), the

charm monte-carlo <MONTED> was modified such that instead of generating the

charm pairs the following strange particles are generated by the neutron induced

interactions. References [128] to [145] are particularly useful for this strange particle

monte-carlo.

1. K mesons

. &
The K mesons are generated with the assumptions

<N(K¥)>=<NK)>=2<N(K’)>=2<N(K’ )> = NK (7-11)
where <N> is the average number of particles per event.

and [130]

._(10__ = A e—{.OP‘e—l.OYuz (7-12)
dy, dp2?

The value of <N(K+/')> is estimated as 0.3 from reference [129] and
<N(K,)>=0.15 from reference {138]. Reference [138] is based on data from
147Gev/c n-p interactions. Our incident neutron beam had an average momentum
of about 280 Gev/c. Hence, to avoid under estimating the background, we choose

the value NK==0.5 for this monte-carlo.

2. =t and I~ hyperons
According to table 3 and appendix of reference [135] (p-BeO interactions), the

particle multiplicities in the forward hemisphere of the center of mass system are

<N(Zt)>~0.030 and <N(Z~)>~0.014. Therefore, for this monte-carlo, we use

<N(Z*)>=0060 ; <N(Z")>=0028  (@13)
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For the production mechanism, we use

do

= A (1-|Xp|fe 7R ) (7-14)
dXgdP 2

B = —0.24 for [X;| <09

(we assume that the distribution for [Xp| > 0.9 is the same as the
distribution for Xp=0.9)

The value of A is estimated from the results of the Fermilab hyperon (p-Be
interactions) experiment [145]. However, in the hyperon experiment, with 400
Gev/c incident protons, the leading particle effect for the production of the Tt
particles is expected. In our case, with 280 Gev average energy neutrons as
incident particles, the # values for the X hyperons are anticipated to be larger than
—0.24. However, in the monte-carlo, we use the same distribution for both Z* and

X~ in both forward and backward directions.

. A% and 7°
Again, the particle muliplicities are taken from reference [135] (multiplied by 2 for
both forward and backward hemispheres):

<N(4%)>==0.126 and <N(A°)>=0.026 (7-15)

and the production models [132]

do

A exp{—F(P)-G(Xp)} (1-Xp)*\F) (7-18)
Ft

with

3.79(P,2+0.304)"/2  for A°
F(P,)={

2.45P 2 for A°
1.65(Xp—0.866)>  for A°
12.2Xp for A

and s ——
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S(P,) == 0.804+0.999P 2 for A°

S(P,) =0 for 2°

After generating the strange particles, pions associated with the primary vertex are
generated as in the charm monte-carlo. The decay modes and lifetimes of the strange
particles are again processed by the subroutines <KAONS> and <SBRYON>. The
track "blocking® and measurement simulations are handled in the same way as the

charmed monte-carlo.
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Figure 7-1: Comparison of the monte-carlo film measurement procedure
with a real event from E-630 data
The dashed lines and measurement points are from real data, 598-906 (V1). The first

measurement point on a track can be regarded as the beginning of the measurable section
as determined by the scanner. The darker lines are the measurable sections determined

by the monte-cario (see text). It can be seen that the beginnings of these sections are
very close to the first measurement points of the tracks. (The scale at the lower left

corner represents 1 mm/Div.)
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Figure 7-2: Distribution of fitted vertices
Solid line: from real data. Dotted line: from monte-carlo.
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Figure 7-8: Measurable track length distribution and
measurable track angle distribution

Solid line: from real data. Dotted line: from monte-carlo. The track angles are measured
with respect to the beam direction
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Figure 7-4: Number of measurable tracks per event

Solid line: from muon-trigger events. Dashed line: from interaction-trigger events.
Dotted line: from monte-carlo.




Appendix . THE WEDGE-SHAPED TERMINATOR

The behavior of the wedge-shaped terminator is discussed in detail in reference [101].
Some interesting points which result from solving the Maxwell’s equation inside the wedge
are summarized here.

Using cylindrical coordinates (figure 2-34), the Laplace equation inside the wedge can
be written as

1 8 8V 1 8%v 8%

V2V WE e + -
rwtm tEw T &)
Letting V =P(r)Q(#)X(x) and X{(x) == constant, equation 8-1 becomes
1 d ( dP) n’ Peo
—_ —(—) - =
r & e F (&-2)
and
’Q
T R ) (8-3)
The general solution for equation 8-2 and equation 8-3 is
00 ‘
Ve ¥ (A" + B, r™") (C,einnl + D cosnd) (8-4)
n=1

with the boundary conditions

V=0 for0 =0 (8-5)
R
V=11-— for 0 =0 8-6
W r or o (8-8)
where I is the current on the plate. Therefore, B =D ==0 and n==1, equation
8-7 becomes
IR
V= —.—;— r aind (8'7)
sinfy, W v

The Maxwell's equation, V-H=0, implies a uniform magnetic field inside the wedge :
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H o= RE - (8-8)

x \"Y
Thus we have
IR, ind
' cinlo-W on
I'R,
ca'nl°~W
|

Hxsa__.

E, = — cosd

These expressions can be rewritten in Cartesian coordinates :

E IR,
y sinby-W ’ (8-9)
E, =0 (8-10)
I
Hy=< (8-11)

Equation 8-9 to equation 8-11 are exactly in the form of a TEM wave. Therefore the
wedge is reflectionless over an infinite! bandwidth if the incident TEM waves satisify the
boundary conditions of the wedge (i.e. the relationships between the impedance of the
transmission line and the surface resistance and dimension of the wedged plate). The
impedance of the transmission line with line spacing equal to S (figure 2-34) can be

calculated according to equation 8-9 and equation 8-11 (sinf, = S/L):

IR, L
Ve —~ Ey.s -

and

L
Zy = V[l = Ry

11f the surface resistance is independent of the wave frequency. See chapter 2 section 2.4
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