
ABSTRACT 

MEASUREMENT OF THE BADRONIC CHARM 
PRODUCTION CROSS SECTION IN A 

HIGH RESOLUTION STREAMER CHAMBER EXPERIM_ENT 

Liang Tzeng 

Yale University, 1984 

Hadronic production of charmed particles in association with muons from 

semileptonic decay or. these short lived particles has been observed in a high resolution 

streamer cham her experiment performed at Fermi National Accelerator Laboratory in 

I 982. The incident beam was a collimated high energy neutron beam with an average 

energy or 280 Gev. The streamer cham her was triggered on the detection or the prom pt 

muon from the charm decay. Two toroids were installed at the downstream end or the 

muon spectrometer for analyzing the muon momentum. In the operation of the streamer 

chamber, we achieved a streamer size or 50 µm and a run track width or 120µm in space. 

The streamer chamber optical system had a demagnification factor of about 1.5 from 

space to film. The minimum separation between tw~ measurable tracks was about 150 

µm on the film. With a special miss-distance analysis or the streamer chamber pictures. 

17.32±4.73 charm signal events were obtained. Using the assumption of A213 dependenre 

for the production cross section and several different D-1} production models, the nucleon-

nucleon charm production cross section, averaged over the neutron spectrum, is estimated 

to be between 13 to 20 µb (with the aYerage value equal to 17.69 ± 6.80 µb). 
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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 /'I particle in 197 4, the study of the hadronic production 

of charmed particles [I, 47] h~ been actively pursued. It is believed that a better 

understanding or the production characteristics or 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 (vµ+P

p.-+A+1T'+ +7r+ +7r+ +7r'-) event which was interpreted a,, the production of either a i:;-:+ 
or a A:. In 1976 a clear signal for the production of n+ particles was reported by an 

e+e- experiment at SPEAR, SLAC. (3) Since then, data on charmed particles has b<en 

rapidly accumulated. By the time of the 1079 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 JSR (pp) colliding beam 

experiments [5], a CERN 7r-p-interaction bubble chamber experiment (LEBC), a Fl"rmilab 

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

1 
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experiment [6, 7, 20]. By that time, evidence for the D, D, n• and o• mesons, the r: (cS) 

meson and the A: (c(ud]) baryon had been reported. The masses or D, D, D• and o• were 

also measured by e+e- experiments [4}. The results of hadronic experiments were stiJJ in 

a very primitive stage and the mass of A: wu estimated to be about 2.25 to 2.29 Gev /c2 

from the ISR experiments. Results from SPEAR (the DELCO experiment (4]) and the 

Fermilab emulsion experiment (8], however, gave surprising results on the lifetimes or the 

charmed particles. 

According to the aputator pictures as disc:ussed 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 µ decay diagram (figure 1-1 (b), p-+ev11), the decay rate of 

the charmed particle can be roughly estimated as 

where the first (actor 5 includes the three colors or the quark and the contributions from 

e11 and µv. me is the mass of the charm quark (--1.5 Gev) and m
11 

is the mass of 

muon(-... 0.1 Gev). Therefore one would expect that the lifetimes of o+ and o0 are 

approximately equal (- 6 x 10-13 sec.). Moreover, the semileptonic decay rates for both 

o+ and Do are also expected, to be equal since the Cabibbo-favored semileptonic 

Lagrangian has the form 

(l-2) 

where le is the Cabibbo angle, c and s represent the charm and strange quark 

respectively, I represents the lepton (e or µ) and 11 represents the neutrino. Thi~ 

Lagrangian carries zero isotopic spin hence 

(l-3) 

where x0 and x- are isospin -{ hadronic states. Therefore one would expert that the 
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Figure 1-1: Weak decay ol charmed particles 

(a)Tbe spectator pictures. (b)Muon decay diagram. (c)W-exchang~ diagrams. 
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semileptonic decay branching ratios for D+ and DO are the same and 

(1-4) 

Contrary to the expectation from the spectator model, the lifetimes repc)rted by the 

emulsion experiment (8] were i(D+)-8110-13 sec. and 1(D0)-0.66rl0-13 sec. On the 

other hand, the e+e- experiment reported mea_,urements on the semileptonic branching 

ratios [4] 

(1-5) 

By that time (1979), it was clear that something wa_, 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 or the charmed particles are listed below: (12, 50} 

0 +0.4 13 r{D ) = 3.9 x 10- sec. 
-0.4 

+ +I.I 13 
r(D ) = 8.2 x 10- sec. 

-0.9 

+ +1.2 13 
r( Fe ) = 2. 5 x 10- sec. 

-0.7 

+ +0.7 13 
r(A ) = 2.2 x 10- sec. 

c -0.4 

BR(D+ -+evX) = 16.8 ± 6.4% (MARK II) 

BR(D0-+evX) = 5.5 ± 3.7% (MARK II) 

(I-6) 

(l-7) 

(l-8) 

(l-9) 

(l-10) 

(1-11) 

The ratio 1(D+)/r(D0) is approximately equal to 2 instead of 1. An attempt to answer 

this problem includes other decay mechanisms which contribute preferentially to D0 

hadronic decay such as the non-spectator W-exchang~ diagram for the DO 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 rderenres (12], (16], (18], (19), (62] 



and (63]. The current situation on the weak decay or charmed particles is that a lot of 

progress h~ been made OD the experimental study of the lifetimes of Cb¥JDed particles 

during the pa.5t 6-7 yeal'8. Better data OD the meMurements of semileptonic branching 

ratios are however still needed to obtain absolu~ semileptonic decay rates and ·compare to 

the standard model. 

Questions also exist when one turns to the subject of the production mechanism(s) or 

the open-rharm particles. Perturbative QCD calculations ba.5ed on the gluon-gluo·n 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 /t]I 

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 t.he order of few microbarns at Fermilab or SPS energies ( ,..._ 60 pb at JSR energy) 

and the charm-antirharm pair were produC'ed centrallv (i.e. the distribution of the 

produced charm can be expressed by the function (1-IXrlln with n--5; where 

Xr=P 11 /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 (t1(DD)--20-30µh) 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 m~s peak in the A: -
k-p7r+ decay channel and an abundance of the At were observed at large Xr. 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 di/ fractivt. production 

phenomenon of charmed particles (especially the leading A: baryon). The word 

dif /ractivt. here means forward production and is associated with a mueh flatter Xr 

distribution. According to the definitions or reference (15), with a proton or Dt"Utron 

beam, At or o0 are diffractively produced with the XF distribution proportional to 

(l-Xr)1 and (l-Xr)3 respectively. With a 7r meson beam, o0 will be diffractively 



6 

produced with a (l-Xr)1 distribution. Centrally produced particles follow a (l-Xr)5 

distribution. 

In order to accommodate the data, several alternative approaches have been pursued 

to improve the theoretical understanding in the prob)em or heavy navoured particle 

produrtion. 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 IDa.5S of the 

c-quark [55, 58]). It has been suggested by some authors (for example, reference [5i]) that 

collectiYe nuclear effects might enhance the charm production cross-section and that non

perturbat.ive effects might turn out to be important ror the charm production process. 

GeneraJly speaking, the fusion model tends to give centrally produced charmed partides 

and the calculated production cross-section is well be)ow 200 pb at JSR energy. 

Another attempt to answer these questions is the intrinBic tharm model proposed by 

Brodsky et aJ. [64, 65]. The basic idea of this model starts with the obsen·ation that all 

of the constituents inside the proton (hadron) must have the same velocity in order to 

keep the proton together. Ir intrinsfr 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 Xr distribution and 200-400 µb diffractive production cross-section 

of the charmed particles at ISR energy is hence understandable. 

This intrinsir: 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 rererence (15]. 

intrinsic charm could be generated through the process where a soft gluon produces a soft 

cc pair that eventually shares the momentum of the valence quarks af'ter multiple 

interactions with the valence quarks. These c-quarks are far off-shell and subject to short

time scale fiuctuation in contradiction to the long-time scale intrinsic charm picture. 

Most importantly, results from a Fermilab beam dump experiment (see referenC'e~ 

(11, 13, 74, 76]) and the CERN EMC experiment (reference (73]) do not seem to support 
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this intrinsic charm model. 

The flatter Xr distribution or the charmed particles at ISR energies could also come 

rrom valence quarks (u, d) or the proton combined with a charm quark excited from the 

sea of the other hadron. This 1s 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 or knowledge of the structure function of the charmed sea quarks. The second 

difficulty is the determination or the imin cutoff (i.e. the minimum momentum transfer 

needed t.o excite a charmed sea quark) which is necessary in the calculation since the 

diagrams diverge as i approaches 0. 

Given these difficulties, Odorico (69] used a Monte-Carlo technique to generate the 

charm structure funrtion from QCD evolution and obtained a rather hard XF 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 

haclronic production of charmed particles is still very primitive. To improve the situation. 

experimental groups have to provide better data. Unfortunately, even though the study 

or charmed particle physics has almost 8 years of history' high statistics and precise 

experimental data (especially on the had.ronic produ('tion) are still very scarce. 

1.2 EXPERIMENTAL METHODS 

Let us now look at two important properties or the charmed particles that cause the 

study of charm physics t.o be not a simple matter. First, the smallness or 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 cros&-section or charmed particles 

is about 3 orders or magnitude smaller than the total hadronic inelastic inter&C"tion cross 

section. Therefore event triggeribility for the experimental apparatus is nat uraJJy 
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required. Most of the spectrometer experiments, without a vertex detector, select speriaJ 

decay channels or the charmed particles as a means or detecting the charpi signal. For 

example, the CERN ACCMOR collaboration at CERN (42, 43] is designed to Joolc for the 

production or charmed particles in Jr-Be intera<'.tions such as 

7r- Be --+ D0 + D- + X 
(1-12) 

A charm event is identified by tagging the electron rrom the semileptonic decay or one or 

the D particles and measuring the hadronic decay mode or the other D particle (such as 

D
0

--+ K-7r+). At Fermilab or SPS energies(-.. 400 Gev), the mean charged multiplicity 

per haclronic inelastic interaction event is about 12-15 (total number of secondary 

particles is about 18-22). In order to establish the D0 signal as mentioned above, one has 
•r 

to loop through alJ possible combinations for all or the particles detected. This kind of 

combinatorial background together with the fact that most or the spectrometer 

experiments have limited a<'.ceptance are the two major disadvantages for this type or 

experiment. 

Second, as listed in Eq. 1-6 to Eq. 1-9, the lifetimes of the charmed particles are very 

short (--10- 13 to 10-12 sec.). In a fixed target experiment, with 300 Gev / c inc-ident 

hadrons the decay distance is about 400 µm (~suming central production, Xr ,...._, 0 and rD 

,...._, 10-.13 sec.). The average distance, a, between a decay track from a short lived particle 

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

<s/Pcr>av = 7r/2 (1-13) 

• s - 40 µm 

Experimentally, the best way to me~ure the lifetimes is with a 471" acceptance visual 

vertex detector. Visual detection or the charmed particles can also avoid the dependence 

of detection on a specific decay mode (like the o0 
-+ k-71"+ mode mentioned above). 

However, to obtain 40 pm resolution for a visual detector is not a simple task. So far, 

there are three kinds or visual detectors performing experiments to study the charm 
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physics. They are the emulaion ezperimenta, the 6u66le chamber ezperiment
8 

and the 

atreamer chamber ezperiment. 

The emulsion technique can provide excellent resolution ( ..._ I pm). However, a 

considerable acanning effort is required since the emulsion stacb are not triggerable (see 

for example references [8, 9, 24, 40, 35]). A typical example for the high resolution bubble 

chamber experjment 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 experime1tt, namely, it can not be triggered and therefore the charm-event 

vield per picture is still or the order or 10-3. 

The streamer cham her, a triggerable visual detector, provides a means to vastly 

imprm·e the charm yield per picture. To detect charmed partide decays however, the 

streamer size (typically 1·2 mm for conventional chambers) must be significantly reduced. 

(As we will discuss in chapter 2, the atreamer aize can indeed be gotten down to the 

range of 40-50 µm ). 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 leadersb.ip of 

Professor Jack Sandweiss. Table 1-1 lists a brief history of the R & D of this streamer 

cham her. 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 w~ 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 partides. 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 or 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 has been 

published in 1980 {28]. In this experiment, 350 Gev protons were focused and direrted 

into the chamber where interactions between the protons and the chamber gas 

(00%Ne-IO%He, 300 psia) occurred. The production or charmed particles was· signaled by 

energetic muons ( > 3.5 Gev) from the semileptonic decay of the charmed partides. This 

energy selection was achieved by requiring the muons to travel through several hadron 

ahit.ld8 which were stacks or 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-630 experiment, which was set up in the Proton-Center experimental area of 

Fermilab with a high energy (-.-330 Gev average energy) eoHimated 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 or these toroids. The streamer chamber was 

also upgraded for this experiment. The reason that a neutron beam was selected for 

E-630 was to eJJiminate the presence of the beam tracks in the pictures1• From the 

experience or E-400, 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 or this thesis, I will 

concentrate on describing the E-630 experiment. Chapter 2 includes detailed desrriptions 

of the streamer cham her and the related high voltage devices. Chapter 3 de-scribes the 

neutron beam line and the ~xperiment. (A more detailed discussion of the muon 

spectrometer and the proportional wire ch am hers 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 

1The disadvantage or using neutron beam is that it is very difficult to eonstruet a monoelaromatic 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 or the calculation of the production cross-

section. 

YEAR 

H~75 

1976-1978 

1982 

ACTIVITIES 

Design and proposal of the Yale streamer chamber. 

Construction and tests. 

E-4go experiment; M-1, Fermi lab; 350 Gev proton beam. 

Test of laser triggered Blumlein spark gaps. 

E-630 set up; Proton-Center. Fermi lab; Neutron beam. 

E-6&0 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 voltage 

pulsing technology associated with the Yale high pressure streamer cham her. In the first 

·section, before we discuss the structure of the Yale high pressure streamer chamber, I will 

try to review brieny the theory or electron avalanche and the streamer formation. This is 

actually one of the subjects or gaseous discharge. A great deal of theoretiral and 

experimental studies on gaseous discharge, avalanche, streamer and spark formation haw 

been done over the past decades and many instructive descriptions on these subjec.-ts can 

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

The high frequency high voltage pulsing technology (such ~ the Marx generator, the 

BJumlein 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 

perf'ormance of this streamer cham her and the related studies of various gas mixtures wilJ 

be reported in section 2.5. 

14 
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2.1 ELECTRON AV ALAN CHES, STREAMER FORMATION AND 

THE YALE STREAMER CHAMBER 

When a charged particle passes through a ga_,, a trail of ions, electrons and excited 

atoms (molecules) are created along its path (Ref. (79]; Chapter I). 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) wm collide with the gas 

atoms. For the case of isotropic scattering, the average fractional energy loss due to an 

elastic colJision o( an electron with mMS m with an atom with mass M is e 

2meM 
~=----

(me+ M)2 (2-1) 

2m 
..1 is approximately equal to Me(< 1) for me < 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 number or electrons multiplies and the phenomena of electron 

avalanche sets in. 

Townsend's first ionization coefficient, a, is defined u the number of electrons 

produced by a primary electron in traveling 1 cm along the electric field direction. 

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

dn =no dx (2-2) 

and the number or electrons produced by single electron in a distance z (cm) is 

n = eo-z (2-3) 

It can he shown by simple kinetic theory (79] that 

I 
0 = -e-Villft/IE 

I 
(2-4) 

where I is the collision mean free path of the electron, Vion is the ionir.ation potential or 
1 

the gas atom and E is the applied electric field intensity. Using the relationship I a: p 

where p is the pressure or the gas, equation 2-4 can be written as 



or 

Q 

_-= Ae-BP/E 
p 

where A and B are constants. 
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(2-SJ 

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

or the time t 

x ~ v_t ==µ_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 Q electron from its original position after time t. It can 

be shown by kinet.ir and statistical arguments (79] that the mean square orris 

<r2> = 4D t av - (2-6) 

where D_ is the diffusion coerficient which is proportional to the thermal energy (3kT/2) 

at zero field and D _ex: E112, approximately [86], at constant pressure. 

As the avalanche grows, at some point the mechanism of the electron muhiplirntion 

changes from the avalanche phase to the streamer phase. A rapid longitudinal extension 

of the avalanche (the •treamer) occurs, at both the cathode and anode ends, which can 

no longer be explained by the simple electron ionization collision process. 

A tommonly actepted model for the streamer formation was proposed by Lozanskii in 

1 Q69 [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 positi,·e ions 

becomes important and practically cancels the applied field at the middle of the 

avalanche. (At this point, the whole avalantbe acts like a dipole). Within the avalanche, 

recombinations between the electrons and the ions emit photons which photoionize othn 

gas atoms. At either the cathode end or the anode end of the avalanche, the local field is 
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so 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 prizr:iary 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 phenomenon is 

usuaJJy caJJed .el/-•u•tc1ining streamer. 

The avalanches quickly merge, leaveing the central body or the streamer u 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, e0 XM ~,J.08 or 

(2-7) 

Equation 2-7 is usually caJJed the Ra.ether Criterion and XM ~ 20/ a is the Meek 

Length. Figure 2-1, which is reproduced from Ref. [79], shows a simplified sequence for 

the streamer formation. 

E +- A 

I t 

{j 
+- • +-

+- lil \4~1 . . ... 
:.,·t~~ 

/~~ ..._ ·-:r~ ·-
+- b 

6 
(o) Ul <c> (d) (•) 

Figure 2-1: Stages in the growth of a stream er 

(a)Creation or eeed electrons and positive ions. (b)Formation or an avalanche. 
(c)Photons from recombinations produce more ion pairs. (d)N~w avalanches produced at 
the head and tail or the initial avalanche. (e)avalanches merge mto a streamer. 

After the transition from avalanche to atreamer, if we keep supplying the electric 

field, the streamer will keep growing until a strip or conductive pla,,ma between the two 

electrodes is established and electric breakdown occun (a spark). A spark chamber 
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p+ 
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Figure 1-2: Spark chamber 

I __ ...... __ .. c, 

PULSE PU.SE-SHAPING 
GENERATOR SYSTEM 

Figure 1-1: Operational scheme of streamer chamber 
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operates in this mode (Figure 2-2). For a streamer chamber, ir however the high \'oltage 

across the cham her electrodes is terminated before the streamers develop i~to sparks. the 

primary seed electrons along the paths or the charged particles transfer into loraliud 

streamers which are self-luminous and can be photographed. Figure 2-3 is a- srbematic 

diagram or the streamer chamber. cl and c2 stand for the charged particle detectors 

which provide the trigger signal for the generation or high voltage pulses. When viewed 

along the electric field direction, the pictures or charged particle tracks taken from a 

streamer chamber are similar to the pictures taken from a bubble chamber. A great 

advantage or 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 the thermal diff'usion or the seed electrons during the unavoidable 

time delay between the passage of the particle and the arrival or the high voltage pulse. 

The track width depends OD both the streamer size and the area of diffusion or the 

primary electrons. (A new trick 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 ~ a particle detector by the Russian scientists 

G. E. Chikovani et al. [87, 88) and B. A. DoJgoshien 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 st.reamer cham hers 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 OD the order or few millimet.ers (118, 119] 

which is much bigger than the required resolution ror the detection or the charmed 

particles (see the discussion in chapter I, equation 1-13 for example). 

The basic idea of the Yale high pressure high resolution streamer cham her is to apply 

a very high field on a high pressure chamber for a very short time (see also referenC'es 

[108) to [110}). Figure 2-4-(a) illustrates an avalanche in which the gas pressure is P0• 
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1 
Figure 1-4: Scaling principle or avalanche formation 
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electric field intensity is E0, the pulse duration is t and the avalanche length · X 
0 IS 0· 

Figure 2-4-(b) shows another avalanche with pressure equal to 2P 
0

, field intensity equal to 

2E0, pulse duration equal to 2t0 and the avalanche length equal to X
0
/2. The distance 

requjred for an electron to be accelerated to a certain value of energy in (b) is- about J /2 

or the distance required in (a). On the other hand, the mean free path or ionization 

collision in (b) is also about 1/2 or the mean rree path in (a). Thererore one would expect 

that the total number of electrons in (a) and (b) are the same. Let us take the situation 

with the same gas temperature for both cases. This implies that the electron drift 

velocity will be the same1 (or both (a) and (b). Thus the time required for the avalanche 

in (b) to develop is about l /2 or the time required in (a). 

We may also look at this scaling principle using the simple kinetic formulas. 

According to equation 2-5, o 0:: P when E/P is constant. From equation 2-7 we thus 

have the Meek length XM o:: lfr. The lateral size o( 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 {Rel. [79); P.53) 

E1/2 
D_ o:: p!7'i 

since E 0:: P, D _ 0:: l /P. 

If tis proportional to 1/P then the avalanche radius (Eq. 2-6) is 

(2-8) 

(2-9) 

Now, let us apply this simple picture or 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 cham her was designed to be in the order of I SO to 200 KV across a 

1 
1v _ oc p_E and p_ ex: p 



chamber gap or ......... 0.5 cm with ......... 1 ns pulse duration. This amounts to an electri<' fifld 

or about 300 KV /cm, 20 times higher than the conventional chambe~ and a pulse 

duration IO times shorter than the conventional chamber. The chamber pressure was 

designed to have a maximum pre~ure or 600 psia, 40 times higher than the conventional 

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

(20)1/2 
D _ (300KV/cm; 40atm) ........, (

4
0)3/2 D _ (ISKV/cm; latm) 

and the size or the avalanche 

R(300KV/cm; 40atm) __, J0.018x0.l · R(15KV/cm; Iatm) _, 0.04 mm 

There( ore the at reamer size should be -.. 40 µm by operating the cham her in the 

avalanche mode. 

Figure 2·5 shows the drawing or the assembly of the Yale streamer chamber. The 

Blumlein box, which contained the pulse shaping system2 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 paraJJel plate transmission line which carried the output HV 

pulses from the pulse shaping system to the chamber electrodes.3 This transmi~ion 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 w hie h 

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 IO cm thick G-10 nange with a penetration hole at the 

center. An a]uminum cylinder which carried the high voltage pulses from the Marx 

generator4 (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 Jine and the traneparmt electrode• will be discussed in detail in seC"tion 2.4 

4The Ma.rx generator will be discumed in section 2.2 
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rlange with 0-ringa. One end of an aluminum vessel, which contained a coupling resistor 

between the Marx generator and the Blumlein system and a resistiv~ monitor for 

monitoring the Marx output {see section 2.2), was attached to the surface or this G-10 

cover nange 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 surlares or 

these two beam cones were made or 50 pm stainless steel with surface area or about 4 cm 

by 0.5 cm. The window and the beam cone were metal-sealed against each other. The 

edges or 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 wa,, applied to the streamer chamber. During the 

tests, the windows constantly broke at pressures higher than 1000 psia aft.er more than 

100 pressure-Yaruum cycles. For more than 6 years operation of this streamer cham her, 

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

The optical system consisted or two lenses, one above and one below the transparent 

electrodes, viewing the streamers in the end to end direction. The two optical axes, w hie h 

connected the centers or the lenses to the center or cham her, subtended an angle or 
(180-7) degrees. That is to say the optical system had a 7-degree stereo angle which 

provided information for the 3 dimensional reconstruction or the charged particle tracks. 

One or the lenses had a 4 inch focal length and the other had a 6 inrh focal length. The 

reason for using two different foral 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 or about 30-40 pm with a depth or field around 2.5 mm5. 

5Jn the actual setup, we did not observe any noticabJe variation in the reeolution or our optical system by 
adjusting the focal plane or the lenses through the .f.5 mm gap or the chamber electrodes 
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Figure 2-5: 
A cutaway view or the Yale High Resolution Streamer Cham her 
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As will be explained in section 2.5, the pictures of the streamers were recorded 

through image intensifiers. The images or the streamers were actually focused on the 

photo-cathode of the image intensifiers and the cameras were mounted such that the film 

(35 mm Kodak S.O. 143 film) was pressed against the fiber optic output win~ows of the 

inage intensifiers. The cameras used in this experiment were originally used on the 21 

inch and 30 inch bubble chambers at Brookhaven National Laboratory. Many mechanical 

and electrical modifications were required to make the camera,, 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 plare of the vacuum 

platten. This rubber 6alloon was inflated by compressed air to push a layer or mylar 

forward which in turn pushed the film against the image intensifier. Before advancing the 

film, the rubber w~ flattened again (by vacuum) to allow the film to move smoothJy. 

These camera,,, a,, finally modified, were capable or being operated at about 6 frames per 

second without mechanical failure. 

The most annoying problem caused by these camera,, w~ 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 

wa,, finally solved by increasing the humidity level in the ~treamer chamber house (the 

RF house) which served mainly as RF shielding cage to isolate the high frequency 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 orr the nuorescent 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 eomplete 

streamer chamber system, it was necessary to incorporate a pulse generator. The type or 

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 iJlustrated in figure 2·3, a complete streamer cham her system _consists or the 

following parts; the trigger devices, the high voltage generator. the pulse shaping device 

and the chamber body. The trigger devices ror this experiment will be described in 

chapter 3. In this chapter I will mainly concentrate on describing the streamer r ham her 

itself. In the previous section, we estimated the required high voltage pulse for our 

streamer chamber is on the order or 150 KV to 200 KV with about l ns pulse width. Jn 

high voltage pulsing technology' this kind or fast, high voltage pulse is usually generated 

by coupling a pulse shaping system to a high voltage generator. First Jet 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 consisting of multiple stages of capacitors and low 

impedanC'e switches. The capacitors are connected to a DC power supply and charged up 

in parallel to a high voltage, V 0. The output voltage or the Marx generator is obtained 

by discharging the capacitors in series through the switches. Therefore the peak output 

voltage or a Marx generator is approximately equal to the sum or the voltage across each 

stage or capacitors (i.e. n·V 0 (or 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 or the 

capacitors are charged up to V 0. When the trigger pulse causes the breakdown of the 

first switch, SI' the rest of the spark gaps are over stressed by the discharge or the first 

stage capacitor. These gaps are adjusted such that they will break down at this oYer 

voltage. 

Since all of the spark gaps break down almost simultaneously, the risetime or the 
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Marx output pulse depends mainly on the overall switching time or the spark gaps (this is 

usually negligible), the inductance or the Marx generator and the RC _time constant 

between the series capacitace and the load resistance ( &Muming that the inductance and 

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

Generally speaking
8

, the stability or the Marx output pulse depends strongly OD the 

perf'ormance of the spark gaps. A conventional method or improving the simultaneity on 

the breakdown of the spark gaps is to let all spark gaps aee the first trigger gap surh that 

when the first gap /irr.a, the UV generated will preload the rest or spark gaps and cause 

them break down easily"under over voltage condition. 

The Marx generator used for the Yale high resolution streamer cham her (during the 

EXP-630 period) was developed to our specification by the Pulsar Associate lnc.7 (Pulsar 

mod.el 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 n low inductance resistor. As will be discussed in 

detail in the next section, the Marx output pulse aeea the BJumlein system as a capacitor 

shunted by a small resistor (few ohms; i.e. the spark). The effective impedance or the 

Blumlein w~ small compared to the 100 n coupling resistor. Therefore most of the 

energy WM di~ipated by the coupling resistor rather than by the delicate Blumlein 

system. 

Figure 2-7 is an equivalent circuit for the Marx-resistor-Blumlein system, L2 is the 

eDetailed discussions on the Marx generator can be found in references (7g, 00, 01, 05} 

7 A division of Physics International 



estimated effective inductance for the section or the coupling resistor, c2 is 

capacitance of the Blumlein system and S represents the spark gap or the BlumJein with 

impedance R4 when the Blumlein breaks down. At point M, a low inductance 6000 n 

resistive divider with about 8 ns rise time in ~sponse to a step pulse (see figure ] o( 

Ref. (QQ]) was used for monitoring the Marx output pulses. The pickorr 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 or 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 WM the first transmission line problem to be solved 

analytically by Lord Kelvin in 1854, 20 years before MaxwelJ's 7reati.e on Eleetricit11 

cintl Magneti•m. (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 not break down). The value or L2 was 

estimated to be 0.4 ph and C2 was taken as 100 pf. Figure 2-11 is a scope picture or the 

pulse from the resistive divider monitor. The similarity between these two pictures is 

very obvious. Figure 2-12 is a scope picture or the monitor pulses with the sharp traces 

indicate the breakdowns or 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 1-11: Oscilloscope trace or the Marx monitor pulse 
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Fi1ure 1-11: Marx output pulaes from the resistin divider monitor 

(30 shot.II; lOnsfDiv.) Palae amplitude is about 250 KV and the rise time is about 50 ns. 
The scope was triggered by tbe triuer 1ipal for the Marx generator. Tbe sharp 
switching traces are due to the break down or the Blumlein electrodes (Sec 2-3) 

31 



32 

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 or 0.5 to 1 ns. A BJumlein pulse shaping 

system is therefore added to modi/11 the pulse shape from the Marx generator. 

The way the Blumlein-line •11•tem 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 c and the front section or 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
0 

and the 

im pedanC'e of line c is equal to 2Z0. Electrode A is grounded and the central electrode, B 

is charged up by the Marx generator to +V0. At time t=O, the switch S (spark gap) 

between eleC'trodes A and B is closed. This will cause the charge on the central electrode 

to flow onto the electrode A. This is equivalent8 to generating a wave with amplitude 

equal to -V 0 traveling to the right of line a. Let us label this wave as V~n=-V 0. At 

t = r = L/r. this wave reaches to the junction of the three lines where the wave 8ee8 a 

total impedance of 3Z0 across line c and line b (series sum). Part of the wa,·e, 

V~ = -V0·[(3Z0-Z0) /(3Z0+Z0)) = - ~ V0, will be renected back to the left of line a 

and the rest will be transmitted to the series composition of line c and line b. The totaJ 

current must be conserved, therefore It == line-Ir = - ~ (V 0 / Z0) and the total voltage 

across line c and line b will be 3Z0·It-= - ~ V 0. Among this voltage, 2/3 or it will be 

distributed across line c and 1/3 of it goes to line b (electrode B relative to electrode C). 

Thus t.he part of wave transmitted to line c will have amplitude equal to V with the same 

polarity as the inrident wave (Vc=-V0 ). 

If we label the part of wave tran8mitted to line b as Vb=Vc-V8 . then 

Vb=-~ (- ~ V0}= ~ V0. We see already that the two refluted waves,~ and \'b. are 

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

1Let us a.ssume that the switch, S, i! an ideal perCect switch (i.e. with 0 inductance and 0 impeda.nee), and 
the closure or the switch wiU not arreet the line impedance. 
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front end or line b and line a where they ace opposite boundary conditions. The V" 
a 

encounter a shorted end whereas Vb sees an open end. Therefore upon rerlr-ction at the 

front end, the two doublu re/luted waves will be equal in both amplitude and polarity 

( ~ V0). At time t=3r, these two waves travel back to the junction again and add up to a 

total ''oltage or + V 0 which cancels out the -V 0 wave on line c. The net result is a pulse 

(rectangular, for the ideal case) of 2r 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], 

w hirh actually handles the transient behavior or the Blumlein pulse, will be described 

later on in this section. 

Unlike most of the other streamer cham hers which used a coaxial Blumlein lines, the 

Blumlrin system of the Yale high resolution streamer chamber consisted of 3 paralle1 

plates (figure 2-15( a) and figure 2- l 5(b) ). The top and bottom electrodes extended to 

form t.he main transmission line which guided the high voltage pulses to the chamber. All 

three electrodes were made of aluminum I cm thick. The central electrode was a 

rectangular piece with dimension or 20.5 cm x 7 cm. The main reason for choosing a 

para11e~ 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 desnibed 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-630), only one 

spark gap was used. Again, we will talk about the re~ns for this change below. 

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

(G-10) and the whole box was inserted inside two big G-10 disks (each about 60 cm in 
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Cutaway and cross section views of the Blumlein Box 
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diameter and 5 cm thick). 

The Blumlein box was pressuri&ed to about 800 psia with dry air. _(in the earlier 

Fermilab E-490 experiment, argon gu was used). Since the whole BJumlcin box was 

inside the streamer chamber tank, which WU pressuri&ed to eoo psia (90%Ne-10%He), the 

differential p~ure 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) 

s 
z-= 12on- n 

W+s+T 
(2-10) 

where {figure 2·16) s is the spacing between the plates, W is the efftttive width of the 

plates and T is the thicbeee of the plates. 

s 
Z0 = 120TT 

W+S+T 

(EFFECTIVE WIDTH) 

-~------w~------

{~·--------·.,,,)I f • l 
(· ·) 

Figure 1-18: Impedance of parallel plate transmi•ion lint-

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

impedance of the ideal parallel plane transmission line (93] 

8 

z-./Pfiw 
( ,/jifim.Jpo/Eo-=120rr n for free space) 

(2-11) 



The difference between equation 2-10 and equation 2-11 is that equation 2·10 takes 

arcount the errect or the fringe field from the rounded edges or the plates. -

Since the main transmission Jine of our Blumlein system had polystyrene (c=2.25(
0

) 

as dielertric material, the impedance was etimated as 

l 207r s 
z = == 26ll 

m J2.25 W+s+T 

(s = 2.5 cm, W = 20.5 cm, T = I cm) 

For the two switching lines: 
s 

Z8 = 1207r = 13 n 
W+s+T 

(S = 0.77 cm, W = 20.5 cm, T == I cm) 

Hence 

To illustrate the properties of the parallel plate tra11Smission line, take the function 

e(fat-1z) to describe the wave propagating along the +i direction and define k2 = w2µt 

= (2m)2µc For waves in the TEM mode, -.f = - k2 (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 y dirertion (i perpendicular to the conducting plane). The equations for the 

electric field intensity can then be written as 

(2-12) 

(2-13) 

Define k2 = --(- + k2 
c 

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

x=s (s is the spacing between the rondurting plates). Therefore kc == nrr/s, n=integer 

and 

( 2-14) 
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where re is the cut-off frequency. For a TM wave with frequency less than r . I 
c' ""( 1s rea 

and the electric field intensity attenuates as th 

BJumlein, 
e wave propagates. For the case or our 

s = 0.77 cm and (take n==l) k - "' 
c 0.77 cm 

c·k 
re == ~ = 19.5 x 109 Hz 

27r 

Now, to conservatively estimate the maximum frequency of interest, we assume the 

risetime of the Blumlein pulse is 0.5 m, which corresponds to a frequency (at 3 db point; 

Ref. f96J, Sec 1-5, 2-7) 

0.35 
r = g == 0.7 I 109 Hz 

0.5 J( 10-

and k=0.147 cm- 1 for this frequency. Th" · 1· 4 l is imp 1es 1 .1 cm- . For a 7 cm BlumJein 
' 

e-'z=3.4 l 10-ll. Hence we should (eel safe to anticipate the dominance or TEM WaYes 

in our BJumlein design. It is also interesting to note that the smaller the spacing, s, 

between the two conducti~g plates, the higher the cut-orr 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 or this high pressure streamer chamber (E-490). 

the central electrode was supported from both sides and a smaJJ gcw was kept between 

the central plate and the high voltage charging lead from the Marx generator. When the 

Marx /irr.d, 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 trv 

from this breakdown. At this point, the central plate would also be charged up by the 

Marx output pulse. By carefully adjusting the four spark gaps, we could manage to make 

them switch 8imultant!OU81JI in some fraction or firings (about 50%). This operational 
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Figure 2-17: Sampling acope picture of the Blumlein pulse (see ~xt) FWHM-0.5 11! 

• • • 
-- l 

Figure 1-18: Tektronic 7904 ecope picture of the Blumlein pulse. 
50 shots overlapped; 2 m/Div. 
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scheme has been used previously by a one atmosphere streamer chamber (94]. We 

operated the streamer cham her with this scheme for almost a whole year (Fermilab 

E-490 (28, 108, 100]). 

Figure 2-17 shows a sampling scope picture or the Blumlein pulse when the Blumlein 

was operated with the scheme mentioned above0. The risetime or the sampling system 

wa,, 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 SO shots 

overlapped. This picture was taken with a Tektronic 7904 oscilloscope which has a 

risetime or about 0.8 ns. The high voltage pulse amplitude was about 150 KV. 

The trouble with operating ~~e Blumlein in this scheme was the unsatisfactory 

stability or the Blumlein pulses due to the problem or 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 I ns. In order to improve the 

situation, we tried to trigger the spark gaps with a nitrogen 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 

9The Blumlein pulse pid:o// will be described in Sec. 2.4 
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An EG.tG FND-100 photo diode wu aeed • the luer pulse monitor. The scope was 
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Figure 1-20: The output pulse from the prototype laser triggered Blumlein Bystem 
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density increases, the jitter decreases rapidly up to certain level(:=:::: 0.1 ns; [111]). Beyond 

this level, the rate or 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 or each other, any 

smaJI jitter in the spark formation time would cause most or 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 pre~urized. 

This mechanical instability caused the optical alignment to be extremely difficult. Any 

small amount of misalignment in one or 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 or elegant studies OD 

the behaYior of the Blumlein system and the characteristic properties or a spark gap (Ref. 

(97) to [l 01 ]). 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 transmiaaion 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 

~ = n = 0, 1, 2 .... ( 2-15) 
0 2n + I 

The corresponding wave frequencies are 
1r 

w
0 

= (2n+l~ 
2r 

(2-16) 



Figure 1-21: Standing wave inside a uniform transmission line 

L 
where r= -
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We also remember that a square function, V(t)=V0 for 0 < t < 2r, can be 

represented by the Fourier series (e.g. Ref. [93], section 1.12) 

4V0 1r 1 31r 
V(t) = - (8in( - t ) + -ain( - t ) + ···· ] 

71' 2r 3 2r 
(2-17) 

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 per fut 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 tranamiHion 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=E
1
/H;i and the load impedanC'e 

ZL =E
1
L/H.,,L then the value of Zi can be calcula~d according to the equation (93) 

[ 
ZLcoa(li-¢L) + jZ0Lein(li-IL) ] z. = Z0. 

a a ZoL coa( 1/li-IL) + jZL ain( 1Jii-¢L) 

where 

l(x) == tan- 1 0 
[ 

N (x) l 
Jo(x) 

(2-18) 

(2-19) 
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~r ~ 
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Figure 1-12: Radial line traum~ion line 

(2-20) 

(2-21) 

(2-22) 

(2-23) 

with 

k-= w/jtt 

JJx) and N,,(x) are Bessel functions of the fmt and the second kind respectively (with 

order 11). The subscript, i or L, represents the value of a function calcula~ at the input 

or load position. For example, Z0L is the characteristic impedance, Z0fkr), at the location 

of the load. 

In figure 2-22, the central column with radius R represents the shorting spark with 

finite diameter. Therefore ZL can be replaced by &ero if we assume E
1
-0 at r equal to 

R. Equation 2-18 can be rewritten .., (rand R are defined in figure 2-22) 
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(2-24) 

A plot or the functions Zo, Go, a., I and ~ VS kr is given in figure 2-23 which is 

reproduced from Ref. [93). In this plot we can see that the z0 stays approximately 

constant only when kr > 3.5 . At small values of kr, the value of Z0 changes rapidly. 

This is far from the property or a uniform line. 

Equation 2-24 allO shows the inductive property of the radial line. Figure 2-24 (from 

Ref. (98), P.6) illustrates the value of Z~h)/Z0fkr) u a function of kr. (Where kR is 

taken u. 0.02.) ~ we can see from this plot the radial line starts out inductively at 

r > R and reaches U> infinity at h equal to 0.817, 4.21 and 7.39 etc. These poles 

correspond to the resonant frequencies f0-=0.817c/2wr, f1-4.21c/2wr and r2-7.39c/2rrr 

etc. These resonances are not harmonically related to each other u the cue of the 
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uniform line (equation 2-16. Therefore a radiaJ 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 •pork) in figure 2-22. The inductance of this apark 

can be estimated as 

ps r 
L =-In(-) 

271' 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 or the spark. 

Equation 2-24 is in fact a wove impeclt.inee, to calculate the toted impedance we 

have to take into account the relationship V=-E
1 
·s and 1=271" r·H;. Hence the total 

input impedance 

. s ain[l(kr)-l(kR)) 
Z 1 = J -- Z0(kr) -----

tota 27rl' cos["'kr)-l(kR)] 

(2-26) 

2 2 
In the limit kr < 1, J0(kr) ~ 1.0, J 1(kr) ~ kr/2, N0(kr) ~ - - ln-k-

2 7r "Y r 
1=1.78107···, N 1(kr) ~ --, '<kr) ~ 0. Then 

"" 

with 

. 1 r . ps r . 
Z 1 = Js./ilT{- In- = JW - In- == JWLs 
~ota X R 27r R 

(2-27) 

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

After realizing this radial line problem, let us go back to our Blumlein. Since the 

paralld-plate st.ructure 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 2Z0. As a mater or fact, 

the output pulse of our Blumlein (figure 2-25) w~ indeed very similar to the wave form or 

a lumped RLC circuit (figure 2-26) where the cu.n-ent can be expressed as: 

w 2 C 
l(t) = - Vo _o _ e-ot [eo,t - e-o,t] 

2nd 
(2-28) 
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Figure 2-26: The single gap Blumlein output pulse 
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where o=Zo/L, Wo-=JilLCand ol=o2-wo2· The risetime or this simple RLC circuit 

is T =L/Zo· By comparing the risetime or the pulses in figure 2-25, the inductance or the 

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

We concluded that in order to make a faster risetime and shorter duratfon pulse from 

our Blumlein, we had to make the inductance of the spark smaJler. (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 

effectiYe inductance of the switches. (The problem of multi-gap synrhronism 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 

wit.h cit.her 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 distanre was about 2.6 

mm. Figure 2-28 shows the output pulses of the Blumlein system with 30 trares 

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 Ii/dime of the the spark gap wa,, 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 
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Figure 2-27: Marx output pulse; amplitude,._ 250 KV; rise time,._ 50 m 

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

iv lnS 
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Figure 1-28: Blumlein output pulse; 30 overlapped traces; amplitude,._ 163 KV 

Both figure 2-27 and figure 2-28 were taken at the 1une conditions. The Blumlf'iD box 
pressure -.·u set at 780 psia with dry air. The spark gap distance was ~t at Z.6 mm. 
Th~ pictures were taken with Tektronic 7104 &cope 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 con.sider that it is worthwhile to mention the beautiful 

work or Professor R. Beringer on the calculation or the Blumlein sys~m wit~ inductive 

switch [100]. 

The behavior or 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 or the switch and I is the 

length or the switching lines. The characteristic impedance or the switching line is Z0 and 

the load (i.e. main line impedance) is 2Z0. 

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

tron•miHion line (figure 2-29) can be expressed as [117] 

!2 
h. I Z . h. I '1 coa JW-- - 0aan JW--

c c 

-== (2-29) 

1 I . I 
11 12 -- coahjw-- coahJw-

Z0 c c 

where I and z0 are the length and the characteristic impedance of the transmission line. 

Defining a E l/c and s ejw, the input impedance of an open-end uniform transmission 

line can be calculated by letting £2/12 -+ oo or 12/ £2 -+ 0. We thus ban, according to 

equation 2-29, £1/I 1-Z0cothsa. 

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

(2-30) 

£1 ZLeoahas + Z0ainhas 
z. = - -== Z0 --------• 11 ZLainhas + Z0coahas 

(2-31) 

ainhas 
£ == 21 z == 2£ 

3 . 2 O 1 (coahas + ainhas)2 
(2-32) 

and 

(2-33) 
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Figure 2-29: Transmission line 

L --.1, I2 

Figure 2-10: Blumlein-line system 



di 
(we use the convention - == jw·I here and define b=L/Z0 ) 

dt 

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

e-o• 

£3 - lo bs + .!+ .!cothas 
2 2 
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(2-34) 

The transient behavior of £0 can be expressed as e0(t)==-V0ZL(t), where ZL(t) is a step 

function. The Laplace transform of e0(t) is 

L Vo e0(s) = [e0(t)) =-- - -
s 

and the Laplace transform of e3(t) will be 

e-01 e-•a 
t (s) = - V = - V0 --

3 ° s(bs + ~ + ~ cothas) s B(s) 
(2-35) 

where 

B(s) = bs + ! + ! cothas 

= (1 + bs){l - [bs/(I+bs)]e-24
'} 

Therefore 

e-at {I _ e-201) 

l3~s) = - Vo s(l + bs){l - [bs/(l+bs))e-20'} 

== -V e-c•-e-3at{1+( bs ) e-2°'+( bs )2 e-•e11+···} 
0 s( I + bs) 1 + bs I + bs 

{ 

e-o• e-3a1 b e-501 b2 8 e-701 } 

== - VO s( 1 + bs) - s( 1 + bs )2 - ( 1 + bs )3 - (I + bs )4 ... 

- -vo{ rl(s)e-4• - r3(s)e-341 - rs(s)e-641 - r.,<s)e-741 ···} (2-36) 

Using the relationship 

-1 _ 1 { F(t-A) fort > A 
L (f(s)) -= F(t) • L (f(s)e-A'J -

0 for A> t > 0 
(2-37) 

we can immediately recognize that the fant 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 renections in the switching lin~s. For 

example, f7(s) contributes only after t > 7a. 

For the ca,,e of perf'ect switch (L-=O), b==O. Therefore 

t3(t) = L -l [t3(s)J 

=-vol -1[ e-•:-e-3•• ] 
= -V 0{ ZL(t-a) - ZL( t-3a)} 

where ZL(t) is, again, a step function. Hence £3(t) is a rectangular pulse as shown in figure 

2-14. 

For the c~e of inductive switch, b"O, we have 

F
1
(t) = L -l [f

1
(s)] = I - e-t/• 

L-1 
F 3(t) = [f3(s)] 

t 
= 1 - (1 + -)e-t/6 

b 

L-1 
F5(t) = [f5(s)] 

t 
= _!_(-)e-t/6 

2 b 

F 
7
(t) = L -l [f

7
(s)] 

t t 
:a:: [ _!_(-)2 _ _!_(-)3 ]e-t/6 

2 b 6 b 

F0(t) = L -l [fg(s)] 
t t t 

= [ _!_(-)2 _ _!_(-)3 + _!_ (-)'' Je-t/6 
2 b 3 b 24 b 

L-l 1 t 2 I t 3 I t 4 1 t 5 -t/6 F11(t) = [f11(s)) = [ -(-) --(-) + -(-) --(-) ]e 
• 2 b 2 b 8 b 120 b 

And 

(2-38) 

Figure 2-31 shows the plots or £3(t) with time scale exp1essed in the unit or a 

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

inductive switch will behave like a ideal Blumlein pulBe only when b < a/4 (or 

L < Z01/4c). 

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

inductance L in series with a resistance equal to the impedance, Z0, or the switching line. 
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The formula for the leading edge can be expre~d [100] u 

Ef·E·(t) =-Vo[ l-e-(Zo/L)·(t-1/t) l 

56 

(2-39) 

The risetime in equation 2-39 is equal to L/Z0 (-= b). In our case, the rise.time of the 

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

pulse shape was worse than the first first drawing or 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 canied to the wire electrodes of the 

streamer ch am her through a parallel plate transmission line. This transmission 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 or the 

transmission line was designed to be around 26 n (Sec.2.3). The actual measured value 

was about 24 n. 

As discussed 1n ~ec.2.3, the cut-orr frequency for the non-TEM waves in.side the 

transmission line can be calculated as 

C n g 
f =--=4.0xIO Hz 
c .[( 2s 

where s=2.5 rm (the spacing or the first section transmission line), ./(= 2.25 

(polystyrene) and n=l. Hence 

2rr./{ '5 
1 = v'(f ft)• - I c c 

(2-40) 

for f=3.5 x lOg Hz (c.f. fma.x=0.35/r and r...._.0.1 ns), -y=0.608 cm- 1.- The attenuation 

factor e-1z is equal to 1.4 x 10- 16 for z=60 cm. 

Thus after this section, the non-TEM waves in the transmission are basically negligible. 

The serond section of the transmission line was a transition section to convert thr 

dielectric material from polystyrene to gas. The key point in the design was to keep the 

line impedance constant. This was accomplished by gradually decrea5ing the spacing of 

the line and the effective thickness of the polystyn-ne. After this section, there was an 

another section of uniform line (line spacing is 1.6 cm) which ext.ended for about 41 cm 

and then the spacing and width of the line were both decreased line-arly, without changing 

the value or the line impedance, such that the transmission line joined the c ham her 

smoothly.· 

The body of the chamber was a pair of transparent electrodes •·hirh were two 
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identical wire planes. Each wire plane was made or 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 now OD the transmission line. (Jn E-490, the wire 

diameter was 25 microns with 100 micron wire spacing.) FigUJ"e 2-33 shows echematically 

the structure or the wire plane. 

In order to keep the electric field uniform over the whole fiducial volume o( 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 

efferth·e 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 or the current now 

on the transmission line. Therefore the effective fiducial volume was 4 x 3 x 0.4 cm3. 

Because of the high surge current on the transparent electrodes (about 6000 amperes). 

the question o( how to make a good electriral and mechanical contart between the 

stainless steel wires and the cham her frame is not trivial. Various methods o( so]dering 

and several conducting epoxies were tried yet none or these conYentional met hods 

succeeded. In the final solution, indium wires were placed inside triangular g-rooves at the 

edgrs (the junction between the wire chamber and the transmission line) or the stainlrss 

steel frames. The st.ainle~ steel wires were wound over the indium and glued onto the 

chamber frame, the indium wires were then pressed ()at to let the indium now around thr 

stainless steel wires (figure 2-33). With this method, we have not observed any trouble at 

the junction between the wires and the cham her frames. 

In the early stage or developing this streamer cham her, at the upstream and 

downstream (current now) sides or the transparent region, the edges or 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 meta) frame. This 
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Figure 1-11: The wire electrode section of the Streamer Cham her 

problem was finally corrected by making the wire-frame junctions as 90 degree edges. No 

indication or spurious discharge at these sharp edges has been obse"ed. 

After the chamber section, the spacing and the width or the transmission line were 

both increued linearly again. In this way the highest electric field appeared only in the 

Ticinity of the wire electrodes. This configuration minimized the possibility of spuriom 

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 cany uniform 

surf'ace resistance which compensates the decrease in the line impedance due to the 

decrease or the line spacing. It can be shown (see reference (101]; the discussion OD 



61 

wedge-shaped load or reference [101] is also included in appendix JI.) that this type or 

wedge-shaped load is renectionless for an incident TEM wave if 

L 
Z0 ==Rsw (2-41) 

where Z0 is the characteristic impedance of the transmission line, R,, L and W are the 

surface resistance, length and width respectively or 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 com pared to the skin depth or this material at any frequency under consideration. 

In this way the surface resistance, R
1

, 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) or nichrome OD a dielectric surface. This method 

railed due either to mechanical or electrical damage during repeated pulsing. 

A more satisfactory method of making the terminator uses the th.ielc film re•i•tor 

(Cermet on Al20 3 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)10. 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 or terminator has been used for about 5 years. However it is stilJ 

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-piclcoff; U means upstream, close to the Blumlt"in box. 

See figure 2-32). The pulse amplitude was about 170 KV for both cases. It is ob,·iou~ 

10D-l/(R,·t), and skin depth 6-l/[7T'fµ(JJ11 2• Therefore 6-138 pm at r-4 I 109 Hz. This is largtr than 
the thichness (t-25 pm) or the resistor. 
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Figure 1-14: The wedge-shaped terminator 

BASE THICK FILM RESISTOR 

l .. 41---------- 40 CM ----------1•941 

Figure 1-16: 8 thick film resiston are ued to make up the terminator 



Figure 2-38: Blumlein output pulse; terminator functions normally. 
amplitude - 170 KV, S ns/Div 
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that an enhanced refiection from the damaged terminator appears in figure 2-37 . 

Now let us describe the Blumlein/transmission-line pulse monitoo (Ref. (I 09)). 

Before and after the chamber section, there were several capacitive pickorrs (figure 2-32) 

w hie h were built into the grounded plate or the transmission line ror monitori_ng the high 

voltage pulses OD the transmission line. These capacitive pickoffs were made or a 700 x 
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 n cable with a pressure 

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

SinC'e the thickness of the gold layer was small compared to the skin depth 11 of the 

waYes "·ith frequency in the range of interest (fmax ,._ 3.5 1 109 Hz). The pickoff 

capaciti,·e division factor can be estimated by the ratio of the thickness or the mylar 

spacer to the spacing or the transmi~ion line multipled by the dielectric constant or 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 n BNC cable was connected, 

through a resistor, to one electrode plate of the transmission line and the ground shield or 

the cable was connected to the other plate. Square pulses from a mercury ttlay pulser 

were fed into the BNC cable. By varying the value of the resistor until no refiection was 

observed, the impedance of the transmission line was thus determined. The best match 

was obtained by using two 51 n resistors connected in parallel, this gave the estimated 

value of the transmission line impedance to be 24.5 n. The division factor of the pickoff 

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

11For gold, tT - 4.1 x 107 mhos/m, the skin depth 6 - 1/ltrfptr)112 
- 0.0786J1~ 1 /2 - J.33 • 104 X for 

r-3.5 I 109 Hz. 
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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-picko//. 

(T means close to the terminator. See figure 2-32). Comparing figure 2-36 and figure 

2-39, we see no major dirference in the pulse shape between the U-pielco// and the 

T-pickof/ when the terminator works normally. However, figure 2-40 -and figure 

2-41 were taken when the terminator was damaged and the renection wave was 

obsen·able. Figure 2-40 is the DC-piclco// picture (DC means down.stream and central 

with respect to the U-pielco/fJ and figure 2-41 is the T-pickoff picture. Comparing with 

figure 2-37 we see that the reflection wave contributed difrerently to these pictures due to 

the different locations or the pie koff s. 
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Figure 2-38: U-pickoff response to a square pulse from mercury pulser 
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Figure 1-38: Pulse shape at T·pickoff monitor 
(Real Blumlein output pulse) 
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Figure 2-40: Pulse shape at DC-pickoff when the terminator was damaged 
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Figure 1-411 Pulse shape at T-pickotr when the terminator was damaged 



2.5 THE PERFORMANCE OF THE YALE IDGB 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)). I will only summarize briefly the 

results here. 

Many of the tests for the Yale streamer chamber were done with a Ru106 fJ source 

(especially in the early stage of development or this chamber). Figure 2-42 shows a 

picture taken at the initial testing period. The chamber was filled with 150 psia or 

conventional spark chamber gas (90%Ne+l0%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 (F\VHM). The effective electric field across the chamber was about 300 KV /cm. 

\Ve 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 

aYalanC'he (due to the Landau f1uctuation in the ionization loss). 

To solve this problem, the chamber was operated at a slower avalanche and streamer 

growth rate by increa.5ing the cham her pressure (i.e. decrea.5e the E/P value). Higher 

chamber pressure also suppressed the diffusion or the seed electrons but the streamer 

brightness was sacrificed. Image intensifiers were therefore required. Figure 2-43 shows a 

picture or a 200 Gev /c 7r- interaction in the cham her. The picture was taken with a 

proximity-focused diode image intensifier which ha.5 an opt.iral gain or 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 MI 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/rm). 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 fiare. Also we see a brush-like 

strip originating from the nare 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 1-42: 150 psia 90%Ne+10%He; Pulse - 140 KV and 0.5 m 
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Fiaure 1-41: 200 GeT/c .. - interaction 
250 psia 90%Ne+10%He; Pulse,._ 150 KV and 0.5 m 

image intensifiers gain,._ 80 
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In order to solve the rlare problem, we obtained a set of aub3puifiration 25 mm 

micro-channel plate image intensifiers {ITT, type F4112). This type of ~ube has a fuJJ 

optical gain of about 10,000 and a resolution of about 26 line per mm. Because these 

tubes were suhspecification they were operated at optical gain or about 2500. Figure 

2-44 and figure 2-45 are the pictures taken with this kind or image tubes. The chamber 

WL' operated at 370 psia Ne-He and with a 150 KV pulse. The incident particles "·ere 

350 Gev /c: protons from the same Ml beam line. These are basically the running 

conditions of the streamer chamber for the Fermilab EXP-490 experiment [108, 109, 110]. 

The t.rark width (full width) of figure 2-44 and figure 2-45 is about 150 µm on the film. 

{About 225 µm in space.) The individual streamer diameter is about 50 µm 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 elertrons. This phenomenon can be best illustrated by the 

pict.ure in figure 2-46. In this pirture, the trark on the top is from the beam partide 

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 ,·oltage 

pulse. (The time delay between the passage of triggering particle and the arriYal of high 

voltage pulse was about 500 ns for the E-400 setup.) At this stage, the problem of the 

vertex nare was only relatively improved. A substantial num her of E-490 pictures were 

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

As is mentioned in section 2.3, there were four spark gaps in the Blumlein system 

then. Berause of the synchronism problem among the four gaps, the output pulses were 

very unstable. Also, we wanted to increL'e the chamber pre~ure in order to further 

suppress the diffusion of the primary electrons. Consequently, we wanted to raise the 

Marx voltage. However, the orignal Marx generators12 used in the E-490 experiment bad 

a lifetime of only about 6 hours under continuous pulsing condition at charging voltage or 
about 30 KV. Any attempt to incre~ 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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to improve the track resolution, we had to have a better Marx generator and a more 

stable pulsing system. 

Following the E-4QO experiment, we made many modifications. The new Marx 

generator, the Marx pulse monitor, the modification of the Blumlein system, the new 

full-Bpuification image intensifiers, a higher bandwidth scope (TEKTRONIC 7104; -

IGHz 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 cham her pressure was finally set at 600 psia, which is the maximum allowed by 

the vessel pressure, and different gas mixtures for the cham her were tried to suppress the 

thermal diffusion of the seed electrons. The primary electrons created by the ionization 

or the gas atoms by charged particles will, before the arrival or high voltage pulse, drift 

away from their original location and collide with gas atoms. As it was mtntioned in 

section 2.1, the fractional energy loss of these electrons can be estimated by the formula 
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~==2me/M (Eq. 2-1) where me is the electron mus and M is the mass or the ga,, atom. 

In the case or Ne, 2me/MNe - 5.44 I 10-5• Let 111 take a 5ev electron as ·~ example (see 

Ref. [110)). The electron-atom elutic ecattering croes section in Ne ia about 10-us cm2 

(figure 2-47; (103)). At 40 atm,. this cross section corresponds to a collision mean free 

path or about 9.3 I 10-8 cm or a collision frequency or about 1.4 I 1013 Hz. This implies 

that it only takes about 18 DS for the electron energy to drop to l/e or its initial value. 

For an electron with higher initial energy, the cross eection is larger, therefore the electron 

looses energy at a hicher rate. 
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From this example, we can easily perceive that the primary electrons thermalized in a 

short time, compared with the time delay or the high voltage pulse (about 500 D.S in E-400 

and 700 m in E-630). In order to suppress the thermal diffusion or these primary 

electrons, we need a gas (or mixture or gases) which has a large electron elastic acattering 

cross section in the low electron energy range. 

We rlJ'St tried Xe (figure 2-48; (103)) and surprisingly found frequent spurious 

sparking in.side the chamber. The streamers looked ove~grown and a lot or individual 

streamers were round even at few mm from the track center (figure 2-49 ). To explain this 
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Figure 1-50: Emission spectra for helium and neon 

(a) Emission spectra for neon excited by protons. {b) Emiaeion spectra for helium excited 
by protons. (c) Emission epectra for helium excited by gas discharge. (d) Photon 
emission epectra or pure helium excited by gas disch•ge. 
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phenomenon, the following h11potheais 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 large 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 or the 

Xe atom (photo-ionization). 

Based on this argument, we next tried C02. Again let us look at figure 2-52 (104]. 

The photo-absorption cross section of C02 in the wavelength range between 700 nm and 

1000 nm is only slightly smaller than that of Xe. However for the C02 molecuJe, there 

are many vibrational, rotational etc. excitation levels available. The photo-absorption 

cross section is no longer dominated by the photo-ionization process. Moreover, C02 also 

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

At the level of 2.5% C02 concentration, if we keep the pulse duration at the range or 

0.5 ns, in order to obtain satisfactory picture quality, we have to substantially increa..5e 

the pulse voltage. This leads to the risk of breaking the wires on the cham her 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. 

Aa one· may already see, the required electric field is erf ectively 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 ot1olonehe 

chamber rather than a •trecuner chamber. Figure 2-54 is a picture of a fJ source track 

in the standard Ne-He mixture plus 2.5% of C02• 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 pm on the film ( 120 pm in space). 

The final gas mixture used during the data taking period of E-630 was 

C02(2.5%)+H2(200ppm)+Ne-He(9/I;balance). The reason for adding a small amount or 

hydrogen is discussed below. 
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The process 

e- + C02 -+ e- + (C0-0) -+ CO + o-
has a resonance like cross section (figure 2-55; [106}) or about 5 1 10-JG cm2 at an 

electron energy or about 7.8 ev (Rer. (79); p.39). For a primary seed electron with this 

energy, the average time for the electron to be captured by the C02 is only about 0.5 ns 

at 40 atm with 2.5% of C02. Hence some or the primary electrons, in the process of 

tbermalization, passing through this energy might possibly be captured by the co
2 

molecules. However, according to Ref. (107], the negative ion o- is known to reaC"t 

readily with hydrogen in an associative detachment reaction : 

o- + H2 -+ H20 + e-

and liberate the electron. This consideration lead us to add 200 ppm of H2 to the 

chamber gas. ActuaJly, we did not observe any significant dirference 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 106 /J source again. The pictures or the fJ source tracks were projected on a 

scanning table and the individual streamers were traced on a piece or paper. Taking into 

account or the magnifiC"ation factor of the scanning table, the full width or the traC'k can 

be determined. In order to clearly see tracks at long delay time, the rhamber high 

voltage w~ slightly higher than normal. Also, the definition of full width here means, 

conservatively, the extreme edgt8 or the track. Due to the multiple srattering or /3 source 

electrons inside the chamber, it is very difficult to determine unambiguously the full 

width or 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 or the overall delay time (cJ. equation 2-6) 

Figure 2-56(a) shows the result with (Ne-He(9/l)] + C02(2.S%) + H2(0.2%). The 

high voltage pulses were about 170 KV. Figure 2-S6(b) is the result with (Ne-He(9/l )] + 

C02(3.7%) + Hi0.2%). The high voltage pulses were about 185 KV. For both cases, 
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the trarks were not visible at a delay or 15ps. At a delay or IOps, the streamrr densit) 

was very low and the tracks were barely recognizable. Figure 2-57 and figure 2-58 ar(' 

two typiral pictures from the E-630 experiment. Table 2-1 summarizes- the operating 

parameters or the Yale streamer chamber. 

It is important to note that in the running condition or E-630, the dirrusion of the 

primary seed electrons contributes substantially to the mea,,ured track width. Anothrr 

important parameter which affects the true resolution or the streamer chamber pic-ture is 

the minimum distance required to unambiguously separate two trarks. Due to the 

variation in the brightne~ 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 smalJ 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 hut 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 reaolution for analyzing the pictures from E-630 t"xperiment in 

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

appendix-I.) 
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chamber gas 
and pressure 

optical gain of 
image intensifier 

high voltage pulse 
amplitude and width 

fiducial region of 
chamber 

Blumlein spark gaps 
and gas 

streamer diameter 
and 
track width(space) 

overal I delay time 

E-490 

Ne-He(0/1) 
370 psia 

2500 

,._ 150 KV 
0.5 ns 

3 x 4 x 0.45 cm3 

,.._, 800 psi a Ar 
4 gaps 

,.._, 50 µm 

225 pm 
(diffusion dominate) 

500 ns 

E-630 

Ne-He(9/1)+C02(2.SI) 
600 psia 

10000 

......, 160 KV 
1.4 ns 

3 x 4 1 0.45 cm3 

......, 750 psia Air 
single gap 

,._ 50 µm 

120 pm 
(diffusion dominate) 

700 ns 

Table 2·1: Operating parameters of the Yale high resolution 
streamer chamber 
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Chapter 3 

THE NEUTRON BEAM LINE, 

THE MUON SPECTROMETER 

AND THE TRIGGERS 

We ha,·e already mentioned, in chapter I, that a neutron beam was chosen for this 

experiment in order to allow a higher interaction rate without the obscuring effect on the 

streamer cham her pictures of the non-interacting beam particles. The structure and 

operation of the Yale streamer chamber were discussed in chap~r 2. In this chapter, the 

neutron beam line will be discussed in section 1. In section 2, we will brieny discuss the 

structure of the muon spectrome~r and the various triggers. We will also introduce 80me 

terminology related to the triggers that will be used frequently in the following chapters 

when we discuss the data analysis. 

a.l THE NEUTRON BEAM LINE 

The neutron beam line for this experiment wu located in the Fermilab Proton-Center 

area. The requirements for the incident neutron beam included a I cm by I mm beam 

size, a high neutron intensity ( ..._ 107 neutrons/spill) with small photon contamination and 

a minimum muon background. These requirements were quite string~nt given the ~paC'e 

available in the P-Center experimental area. Figure 3-1 shows sC'bematically the layout of 
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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 d~igned for the 

Fermi]ab hyperon beam [120). However, the curved channel for the hyperon beam was 

replaced by a straight br;w 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 or the beam channel. The effective size of the target 

was 1 mm2 in cross section and 30 cm in length corresponding to 1 interaction length for 

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., C2 and C3• The fll'St 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 pr 

and a horizontal angle of about 120 pr with the central beam line. The sizes or 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 aJlowed us 

to remotely adjust the positions of the collimators. The alignment wa,, 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 o6aerved 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 1-4: Ne11tron beam prorale in front of the eWeamer chamber 

front of the streamer chamber. The sir.e of the beam profile waa approximately equal to 

1 cm by 0.1 cm. Examining the picture carefully, one can see an extraneous tving 

extending from the right edge or the rectangular beam profile. This WU due to the 

imperfections in the collimaton. Each collimator consisted or two parts. The top hair 

was simply a flat piece of steel whereas the lower hair hu a rectangular groove on the 

surf ace. Small naws in machining the surf ace left small cracb along the edges of the 

collimator opening. 

The fourth collimator, C4, was a copper block of about 40.6 cm in length, 

7.2 1 8.0 cm2 in cro• eection, with a rectangular channel in the center (the cross section 

of this channel wu 2.4 x 14.3 mm2). This block, together with a set or hole veto counters 

(VH2 and VH3}, was mounted immediately in front of the entrance beam window or the 

1treamer chamber to reduce the number or extraneous trigpn due to the beam halo or 

upstream interactions. A veto wall (VHI} with a hole veto counter at the center was 

placed just upstream of the RF home containing the streamer cham her. The main 

purpose of this veto wall wu to veto the background muons from upstream. 

Also shown in figure 3-1 are four beam monitor stations (BMI through BM4; there 

wu another monitor station, BMS, located at the end of the downstream muon 

1pectrometer as shown in figure 3-7). These beam moniton were used for aligning the 

collimaton and estimating the neutron/photon ratio of the beam contents. Each monitor 

consisted or a veto counter (MV) to aeleet. neutral incident particles, several converting 

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



Beam channel 

Distance from target 
(meter) 

(first section) 0 to 3.35 

Beam channel 
(second section) 3.35 to 5.33 

Beam channe I 
(third section) 5.33 to 7.32 

1st collimator 19.74 to 21.26 

2nd collimator 30.24 to 31.76 

3rd col I imator 36.89 to 38.41 

Streamer chamber 42.40 

Muon shield 
{A section) 

Muon shield 
(B section) 

PWC-B 

Muon shield 
CC section) 

Concrete blocks 
(0 section) 

PWC-0 

1st Toroid 

2nd Toroid 

PWC-T2 

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 channel 
Hor izonta I vertical 

0.60 cm 1. 60 mm 

0.60 cm 1.50 mm 

0.30 cm 1.00 mm 

0.48 em 0.45 mm 

0.72 cm 0.69 mm 

0.88 cm 0.85 mm 

(30 mr inner cone) 

(30 mr inner cone) 

(30 mr inner cone) 

(30.5 cm square central hole) 

(30 mr inner cone) 

(30 mr inner cone) 

Table 3-1: E-630 neutron beam line and muon spectrometer setup 
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materials for earh monitor (i.e. empt11 apace, 0.127 mm Pb, 0.254 mm Ph, 0.381 mm Pb 
' 

4.76 mm Al, 9.53 mm Al and 19.0S mm Al). The converting materials were mounted on 

a rotating wheel which could be remotely controlled via a stepping motor. 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 Nn/N
1 

ratio. 

Define: 

R
5 
= 1 - exp(-18/r5 ) 

A
8 

-= 1 - exp(-1
8
/a8 ) 

where /
5 

is the effective thickne~ or the scintilJation counter. r8 and a8 are the radiation 

length and absorption length respectively or the scintillator. 

Similarly, for material x, let us define: 

Rx == 1 - exp(-/xf rx) 

Ax == 1 - exp(-lx/ ax) 

Let 

N = num her or photons in the beam 
1 

N = num her of neutrons in the beam 
n 

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

(i.e. f\N·MA·MB) will be 

N. :.=: R ·N + A ·N 0 s 1 s n 

with material x in the beam, the monitor countes 
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Define 

I - N - N0 - R ·N + A ·N Jt X Jt 1 Jt D 

Then 

(3-1) 

or 

(3-2) 

Plotting the ratio (Jxfllx) versus (~fttx) for mrrerent materials, we obtain the number N
7 

as (~ftlx) approach~ 0. Similarly, N8 could be foUDd in the plot or (Ix/Ax) versus 

(Rx/Ax) as the latter approaches 0. When the beam was well taned, the measured N~7 
ratio was about 80 at monitor station BM4. 

The neutron nux at the streamer chamber is calculated in reference (126) by using the 

Fermilab neutron production data (122) : 

dx 

I 
L 

Define 

d11 
E Neutron production cross section per unit solid angle 

dn at iero degrees for 400 Gev / c incident protons. 
~ 0.75 1 106 mb (estimated from (122)) 

~n • The solid angle covered by the beam line. 
- (0.1 I 1.0)/(4240.5)2. 

, 
I 

a Interaction length of beryllium. 

a Number or target particles per unit volume. 
- (1.848/9.01}-tt02x1023 for Be target. 

E Target length. 

N
0 

•Number or incident protons. 



Then 

Np(x) E Number or protons at distance x inside the target. 
== No·e-z/>.. 

dNn(x) E Num her or neutrons produced by dx or Be 
at distance x inside the target. 

du 
== NP(x)·dn ·aO·dx·p 

dN~x) = Number of neutrons from dN
0
(x) that survive to I. 

== dNn(x)·e(l-z)/>.. 

Therefore, the total number of neutrons produced is 

or 

du I/>.. N == N ·-·LlO·l·p·e-
n odn 

for I == ~ -= 30 cm 
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(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 I 106) per spilJ. 

In this experiment, the neutron nux was monitored by a neutron calorimeter1 located 

behind the downstream muon spectrometer (figure 3-7). Using a special neutron 

calorimeter run (Run-642), with a proton beam intensity of 2.3 1 1010 protons per spill, 

the measured neutron intensity was 1.3 x 105 neutrons per spill which was reasonably 

close to the calculated value from equation 3-3. Figure 3-5 shows the measured neutron 

1pectrum from this run compared to the result from an ISR experiment [124). The 

neuvon data from the JSR experiment are fitted to a function 

(3-4) 

1The neutron c&lorimeter WU made or layers or scintillation counters s&ndwitehed between layers or steel 
plates 



The contamination of neutral strange particles in the neutron beam was not measured 

directly in this experiment. The flux ratios A0/N, Alf/N and K0/N are- estimated in 

reference {I 25] by using the neutron data from reference (124) (figure 3-S) 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 or the streamer chamber. Both the 

Ko/Nn and ~ /Nn ratios are far smaller than 10-4• Therefore the contamination or the 

strange particles can be neglected at the location of the streamer chamber. 
• ..JI 
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3.2 THE MUON SPECTROMETER AND THE TRIGGERS 

The main consideration in designing the muon spectrometer was to choose a reJatiwly 

simple system which would have a good acceptance for the muons from the 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 or the 

various counters, chambers and shields are listed in table 3-1). The collimated neutron 

beam w~ directed into the streamer chamber. The hole veto counters in front of the 

streamer cham her (figure 3-1) were installed to detect the unwanted partides from 

upstream interactions. Neutron induced interactions inside the streamer chamber were 
.• 

detected by requiring 2 or more hits in the interaction hodo8copt 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 aYoid background signals generated 

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

NI= VH1·VH2·VH3·(>2 hits in the I-counters) (3-5) 

Figure 1-9: Interaction bodoscope 

Following the interaction hodoscope, there were four sections of hadron filter (s£'C'tion 

A through D in figure 3-7) and two toroids (Tl 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 or 30 mr with respect to the beam line. The first three 

sections or the hadron filter were made or steel and covered a polar angle range between 

30 mr to 250 mr. The D-section wu 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 a maximum 

angular acceptance or 182 mr for muons from the streamer chamber). The minimum 

energy required for a muon to travel through this hadron rilter was about 6 Gev7 

Behind every section or 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 laJ!t:r (the counter layer behind the A-section hadron 

shield) was simply a 61 • 61 cm2 scintillation counter. The B-counter lauer was made out 

of four 114 x 28 cm2 rectangular counters. These four counters allowed us to determine 

whether a muon trade was pointing up or down, usuming that the muon came from the 

streamer chamber. The C-counter laJ!t:r was a 1.8 x 1.8 m2 counter wall consisting of six 

pieces of 91 x 61 cm2 counters at the two sides (east and west) and one 61 x 61 cm2 

counters (with a circular hole cut out at the center) in the i;niddle. Two phototubes were 

attached to this middle counter to provide up/down information for the track direction. 

The configuraton of both the D-counter laJ1t:r and the T2-counter lauer were the same as 

that of the C-counter layer. Muon tracks were detected by a suitable tracking 

requirement among the first four layers or the muon counters with the additional 

requirement that at least I hit be detected in the T2-counter (the latter requirement was 

implemented to utilize the toroids for the muon momentum analysis). Detailed 

descriptions or 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-T2 in figure 3-7). The size of each PWC was about 160 cm 

2The spe~trome~er hu a maximum acceptance for muons with energy grt~ter than 8 Gev, polar a.nglt 
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 or the PWC was estimated to be OD the order or 6 mm. Drtailc-d 

description or the PW C's and the related electronics wilJ be given in another thesis [78J. 

Briefiy speaking, the three coordinate planes (X, Y, and U) or 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 or the muon tracks 

measured with these PWC's, basically limited by the multiple scattering and the energy 

loss or the muon tracks inside the shields and the toroids, were estimated to be on the 

order of 15% (i.e.~ - 15% and 
6
: - 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 exiting and re-entering the hadron shield (i.e. to enhanC'e 

the rejection efficiency ror 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 ch am her ~ follows: 

Let 

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

CV = No hit at the cone-veto counters 

MU = (Tracking bet.ween A, B, C and D counters) 
• (>I hit at T2-counter) 

then 

Muon trigger e NI • CV • MU 

(3-6) 

(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. 

Jn order to prepare an unbiased sample of events to study the backgrounds, intt"raC'tion 

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 ol about 1 second. Within about ihe last to ms3 

or the beam spill, the muon tracking function in the trigger electronics :was disabled 

(i.e. enable the NI·CV trigger gate). Both the Nl·~MU and the Nl·CV triggers were 

used to trigger the Marx generator and advance the film inside the streamer cham her 

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 different kinds or scalars for each trigger type were accumulated 

during each beam spill. They were the gated scalars and the ungated scalars. The gated 

scalars ace um ulated the num her of triggers taken within the corresponding trigger gates. 

For example, the gated NI·CV·MU scalar counted the number or pictures taken with the 

Nl·CV·MU trigger and the gated Nl·CV counted the number or pictures associated with 

the NI ·CV trigger. On the other hand, the ungated scalars accumulated the number or 
the triggers occuring during the whole beam spill, with or without the streamer chamber 

pictures. Therefore, the ungatf!d Nl·CV·MU scalar counted the total number of events 

which satisfied the Nl·CV·MU trigger requirements in the whole beam spill induding the 

time slots when the Marx trigger was inhibited. The ungated NI·CV scalar counted the 

total num her of events which satisfied the NI ·CV trigger definition in the whole beam 

spill (not necessarily confined in the last 10 ms Nl·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 &nd the variation of th~ spill 
structure. 
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Figure 1-8: E-830 triggers 

(a] Beam gate (-1 s). (b) NJ.CVenable gate (-10 ms). (c) NI·CV:MU triggen. (dJ Marx 
dead time (-200 ms). (e) Nl·CYtriggen. 
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Chapter 4 

MUON RECONSTRUCTION 

AND PICTURE MEASUREMENT 

The data collected in this experiment can be classified into two different categories 

namely the atreamer cham6er pidurea and the on-line eomputer information which 

includes the data from the counter latches, ADC'a, PWC readouts and the beam line 

control devices. In measuring the streamer chamber pictures, in principlt!, only those 

evenu 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 

particl~. However, in order to study the backgrounds, we also measured a sample of 

evenu 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 generom to 

minimiu the loss of charm events. The fiducial interaction pictures were then selected 

and measured according to this meuurement list. The basic procedures for the 

reconstruction of the muon track will be brieny1 discuseed in the rant eection or this 

chapter and the measurement of the streamer chamber pictures will be discuseed in the 

eecond eection. In eection 3, we will diacuss the three dimensional recon.struetion of the 

IDetailed di.ecuuiom on the muon reconstruction prognm will be reponed in a.not.her thesis (78). 

102 
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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 inrormation rrom 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 or 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 or the hits2 in the 

PWC-B and the PWC-D together with the event vertex determined from the streamer 

chamber picture3
. The basic limitations on the precision of fitting this straight section 

came from the multiple scattering and energy loss or the muon tracks inside the hadron 

filter. Me~urement of the muon momentum was therefore necessary for the estimation 

or the effects or the multiple scattering. The muon momentum w~ me~ured, b~ically, 

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-T2. 

The direction (angle) of a candidate muon trark was first estimated by using only the 

center of the streamer rham ber and the location of the hit in ~he PWC-D. As it is shown 

in figure 4-1. the three points, 0, D and T2 represent the center of chamber, the hit in 

the PWC-D and the hit in the PWC-T2 respectively. These three points are expe'Cted to 

fall on a line if they are associated with a real muon track traversed the spectromet<>r 

without multiple scattering. However, because of the multiple scattering. the point T2 

might have a ¢> angle di(ferent from that of the front section. The difference between the 

2The det3.iled definition for the hits on the PWC's will be given in reference (78). 

3As a matter or ract, because of the smaJJ sin or the streamer chamber and the- rt'5olution or tht> P\\'C":: 
(chapter 3, section 2), the results would not change (within the limits or our resolution) if the crnt.er or the 
streamer chamber ((0, 0, OJ) was used instead of the true vertex or the event. 
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tP angles or point D and point T2, 6iP, is expected to have a distribution centered at 

6f>=O. In figure 4-2, the 6</J distribution obtained from a sample or_ 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 or the real events since 

the monte-carlo a,,sumed a perfect resolution for the three PWC's. From this figure, a 

clear signal of real tracb can be ea,.,ily identified. Thus the quantity 6</> provided a means 

of selecting the corresponding hits between PWC-D and PWC-T2. The selection criterion 

was that the quantity 16</>I for a candidate muon track should be less than 40 degrees. 

Based on this 6</> 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 probable momentum for each candidate track. The front 
•r 

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 or the 

PWC's. A cut on the chi-squared for this linear fit was set at ~:2=10. This fitting 

procedure was applied to all or 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 cham her picture measurement list was generated a<"<"ording to this 

good-muon selection procedure. In addition to the good-muo:a events, a sample of Nl·C'\' 

(interaction-trigger) pictures of about the same size as the good-muon sample and a 

sample or 6ad-muon events or about one-tenth the size or the good-muon sample were 

also included in the measurement list for the purpose of the background study, as 

discussed in the introduction or this chapter. 

The good-muon measurement list only provided a very generous selection of the 

muon tracks. The main purpose was to identify the 6ad-muon events and to exrlud mo~t 

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 or the 

PWC resolution
4 

was obtained. Second, comparisons between the effective PWC fiducjaJ 

regions and the the coordinates or the hits in the PWC's were performed ~ensure that 

the candidate track stayed inside the spectrometer5. Finally, for the hits or 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 or the PWC's. Events se]erted with 

these additional criteria were labeled as 6etter 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. Brieny speaking, we can consider the 

problem as following. Given a muon track with known momentum and direction, we can 

calculate (with the effects or 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 eyaJuated, given 

the measured coordinates of the hits in the three PWC's, with a maximum likelihood 

method, we can obtain the most probable values (or the muon momentum, direction and 

the errors. The muon events selected with this method were labeled as but-muon 

events. Details for the evaluation of the likelihood function and the minimization 

procedures wiH also be reported in reference (78). 

It should also be mentioned here that a momentum cut of 7 Gev /c was applied to the 

be~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 

4The studies on the properties or the muons inside the speetromder and the characteristics or the PWC's 
proceeded in parallel with the streamer chamber picture meuurement. 

&The si1e or the active regions or the PWC's were slightly dirrerent rrom that or the steel shields and 
toroids. 
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muon momentum. From the monte-carlo study, the possibility for a muon with energy 

les.5 than 7 Gev from the decay of a charm particle to satisfy the trigger _requirement is 

negligibly small. Therefore by applying the 7 Gev /c mom~ntum cut to the be~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 in(ormation a_, discussed in the previous section (i.e. good-muon events + NJ·CV 

events + bad-muon events with the ratio .._ 1 :1 :0.1 ). All or the fiducial pictw-es in the 

me~urement list were measured with the same me~urement rules. Two measurement 

machines were used to mea5ure the E-630 data. Most or the rirst measurements were 

done at the Fermilab film analysis facility with an image-plane digitizer8. A small 

portion or the first measurements and all or the reme~urements were done at Yale with a 

Vanguard film-plane digitizer7. Both machines had a least-count resolution of - 2.5 µm 

and a magnification factor or about 25. 

The f oJJowing me~urement rules were applied to the film measurement process at 

both plares: 

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 or 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 visibJe in the picture because it is slightly 

up~tream toward the front end or the chamber region, the tracks are usuaJJy long 

and well separated from ea.ch other. In this case, it 1s possib)e to measure these 

tracks well enough to find the vertex by extrapolation. 

8The average number or scanners assigned to this machine at FermiJab is 1.5. 

7With 1 scanner. 
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Picture quality 

Each event has pictures (view l and view 2) taken with the two cameras or the 

streamer chamber (section 2.1). Events are considered as not me~urable if either 

(or both) of the pictures are too faint due to the nuctuation or 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 rrames due the 

memorr or the image intensifier.) 

A tratk 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 

empirkaJly to be on the order of 150 pm 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 

e\·ents were not measured. 

Track measurement 

At least. three measurement points are required for each measurable trac le. The 

minim um distance between two consecutive measurement points is about 0.4 mm 

on the film. For longer tracks, the maximum number or measurement points per 

track is 15. On average, 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) trar ks 

associated with the interaction vertices (primary or secondary interactions). The 

nuclear fragments are usually short (stopped inside the streamer chambe-r) and 

sometimes heavily multiple scattered. In this case, only the front straight sertions 

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

Non-primary vertex tracks 

Non-primary vertex tracks were labeled according to their characteristics such as 

vee, kink or ahort decau. Veea and kinka are de(ined as the secondary tracks from 

the decays of the neutral or charged particles respectively (when the decay vertex 

is clearly visible). Short deca11a are defined a,, 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 

6-rays, low energy tracks with visible multiple scattering, tracks from upstream 

interact.ions 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 nare and the obscured forward jet 

(overlapping tracks in the forward direction) were treated as parts of the obscured 

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 ,..,_ IO 

ps) are identified by comparing _the track width with the orcUnary events. If an 

old event is overlaid on the top of an ordinary event, the tracks of the old nent 

wm be treat.ed as obscured regions. 

Sinre t.he film measurement was expected to be the most time consuming pror~ss 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 have been me~ured (such ~ faint 

events) were measured. Additional clean-up and remeasurement proC'edures were 



Item 

--------------------------------------~----
1. Totar number of runs 

2. Ungated interaction triggers 

3. Gated interaction triggers 

4. Ungated muon triggers 

5. Gated muon triggers 

6. Total number of triggers 

7. Number of good-muon events 
(in measurement list) 

8. Number of bad-muon events 
(in measurement I ist) 

Q. Number of interaction trigger events 
(in measurement I ist) 

10. Number of good-muon events 
(ectua I ly measured) 

11. Number of bad-muon events 
(actua I I y measured) 

12. Number of interaction trigger events 
(actually measured) 

13. Number of measured better-muon events 
(A sub-sample of item 10) 

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

Quant.it1 

------------------
75 

447708691 

44801 

221277 

116073 

160874 

20138 

9144 

18460 

1807 

1116 

1612 

1492 

769 

Table 4-1: E-630 data summary 

Interaction trigger a Nl·CV trigger and muon trigger E Nl·CV·MU trigger {defined in 
section 2 of chapter 3). The definitions for 6cad-muoft, oootl-m.uota, hUer·muon 
and h.t·muon events have bttn discussed in the previous &ection. Also, ett text for 
the definition of the m.catehed-muo" events. Note that tbe ratio or item 10 to item 7 
( --9%) is approximately equal to the ratio of item 12 to item 9. 

111 



112 

anticipated. Another reason for this measurement strategy was to 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 analysis 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 or scanned and measured pictures in these 75 runs. 

j_ 
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Figure 4-3: Centroid measurement 

Let us now discuss the centroid meuurement method mentioned above for the 

track measurement. Figure 4 .. 3 illustrates schematically a section or streamer track. 

Because or the irregular shape or the streamer dots OD 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 or the mea.!urement machine, it is 

poHible to connect several streamer dots together and estimate the center or the track. 

Therefore, instead of meuuring the center or an individual streamer, the centroid 

measurement averages over several streamers and measures the center of th~ 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 tahJe. 
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Ir we fit a line to the measurement points or a track and plot the distribution or the 

residual distances between the points and the fitted line, we get the distrib'l!tions 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 meMu.rements and the 

Fermilab measurements respectively. However, these numbers should not be used directly 

as the adting errors for the measurement points.8 The true errors (or the measurement 

points can be determined statistically by examining the distribution of the reduced chi

squared or the event vertex fitted for a sample or single vertex events. 

A sam pie or interaction trigger pictures were measured. All or the non-primary 

vertex tracks were labeled and excluded from the vertex-fitting calculation. The reduced 

chi-squared or a fitted vertex can be calculated as 
. . . 

v 2 1 N S 
-"' = __ E ( _i )2 
II 11 •=l DS. 

I 

( 4-1) 

where N is the num her of tracks used to fit the vertex, v is the degrees of freedom 

(v=N-2), Si is the distance from the fitted vertex to the ith trark. The error associated 

with the calculation or Si is labeled as DSi and depends directly on the choice of the 

setting error for the measurement points. Ir we define X = X
2 

, and h=v/2 Car fixed 11, 

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

selectecO 

(4-2) 

For a sample of M events, the rnSt"mble distribut.ion of the quantity X will be 

(4-3) 

with 

'For ex&mpJe, the centroid measurement did not measure each point indt'pt'ndt'ntly. t'Vt'ry mt'asurt'mt'nt 
point wa.s strongly correlated to its neighboring points if these consecutive mea.surt'ment points ••ere coverC'd 

inside the two parallel lines or figure 4-3. 
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f XW(X)dX == 1 

where the subscript j stands ror the jth event. 

By varying the setting errors and comparing the distribution or the reduced chi

squared with equation 4-3 (rigure 4-5), we determined empirically the appropriate errors 

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

~(Ordinary tracks, Ya I e ma ch i n e) = 0.014 mm 
o(Nuclear fragments, Ya I e ma ch i n e) = 0.060 mm 
~(Ordinary tracks, Fermi lab machine) = 0.022 mm 
~(Nuclear fragments, Fermi lab machine) = 0.060 mm 

To prevent accidental malfunction or the the measurement machines such as Joss of 

vacuum or electronic noise etc., the following checks on all of the measured pictures were 

perf'ormed. 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 or 
bad measurement and the event was remeasured. 

Another check was the measurement of the fiducial marks. There were four groups 

or circular fiducial marks located at the four corners of each frame of the streamrr 

chamber picture. These fiducial marks were made of 12 optiral fibers (-..JOO 11m 

diameter) divided in four groups of three fibers. One end or the group was att.achrd 

perpendicularly onto the surf are of the image intensifier plate (whir h held the image 

intensifier and provided housing for the protection circuit of the image intensifier). The 

other end of the group was ilJuminated with light from LED's. These 12 fiduC'iaJ marks 

were located very close to the outer rim of the image intensifier. For e\·ery measured 

picture, the coordinates of the 12 measured fiducial marks were compared with a standard 

ae\ of fiducial mark coordinates. After rotational and translational adjustment between 

these two coordinate setsg, the distances between the corresponding fidurial marks 

9Ma.gnifieation or demagnification raetors were allowed to compensate ~y possible minor distortion or the 
film introduced during the developing process 
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(i.e. the residuals) were calculated. These residuals were required to be le!5 then 20 pm 

otherwise the event was remt;asured. These fiducial marb also provided a means or 

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 tracb and the alignment between the streamer 

chamber and the downstream muon spectrometer. We will discuss these subjects in the 

next section. 

The output or the picture measurement (digitized data) wu combined with the on· 

line computer information (see the introduction or this chapter) and stored on a computer 

disk and magnetic tapes. Most or the analysis was done in a PDP-IO computer. A 

fortran program, <MAPP>,16 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. 

lOThe <MAPP> program was developed by Pro(essor Peter S. Cooper. 
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The optical system or the streamer chamber consisted of two lemes which subtended 

a stereo angle of about 7 degrees with the center of the chamber. This small ttereo angle 

is the major limitation on the resolution or the three dimensional reconstruction. This is 

especially true ror the vertical angle. 

Figure 4-6 shows schematically a two dimensional view or the streamer chamber 

optical system. We define 3 coordinate systems here: The (X, Y, Z] sysum represents the 

3-D space system which will ultimately be aligned with the downstream spectrometer. 

The V 1 ((z1, r1)) and V 2 ([z2, 12)) systems are the 2-D coordinate systems on the Tiew 1 

film and view 2 film respectively. All meuured points are in the V 1 or V 2 system. Let 

the coordinate or the point p inside the chamber be [X, Y, Z)11 and its images OD 'riew 1 

11X is the beam direction and z points upward 
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and view 2 be [zp lf1] and fz2, If~ respectively. S1 is the ott-set in the X direction 

between the origin of the view l coordinate system and the origin or the space coordinate 

system. With Z < o (o > 250 mm and Z < 2.5 mm), then the relationship between 
21 

and X can be expressed a,., 

-z1 i i Z 
-=----(1+-) 
S1-X o-Z o o (4-4) 

or 

(4-5) 

where o is the distance between the Z=O plane to the primary principle plane or the view 

1 lens; i is the distance from the secondary principle plane or the view 1 lens to the view 1 

film. 

Similiar relationship between z2 and X can be obtained. In general (from equation 

4-5), we have the following relationships: 

z 1 = a1 + b1X + c1XZ + d1Z 

x2 = a2 + h2X + c2XZ + d2Z 

v1 = A 1 + B1Y + C1YZ + D1Z 

v2 = A2 + B2 Y + C2 YZ + D2Z 

I 
Where the subscripts 1 and 2 refer to view 1 and view 2 respectively. Since b1=B1=-

o 

and c1=C1= 
1
1) (from equation 4-5; so are b2=B2 and c2=C2). we may rewrite these 

o• 
equations~ 

z2 == ~ + B~ + c~z + ~z 

u1 = A 1 + B1Y + C1YZ + D1Z 

u2 = A2 + B2Y + C2YZ + D2Z 

(4-0) 

( 4-7) 

(4-8) 

(4-9) 

where B1 and B2 are simply the demagnification factors of view 1 and virw 2. Th<'rrfore 
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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 or points with known values or space coordinates, [Xi, vi, zi), 

and known values or the image coordinates, (z/, r/J and [z2i, lf2iJ, the 12 optical 

constants can be round by fitting the 4 equations mentioned above to the measured 

values. For example, use the points in the plane12 Z==O and plot the value or z/ versus 

xi (equation 4-6 ), we will have a line 

(4-10) 

The slope or the line is equal to t.he demagnification factor B1 and the intersection of the 

line wit.h the x1 axis is equal to the optical constant a 1. For the points in the plane with 

Z=f'O, equation 4-6 can be written as 

( 4-11) 

Again. Eq. 4-11 is a line equation. From the slope of the line, with B1 determined from 

equation 4-10 and the known value or Z, we get the value of C1. From the intersection of 

the line with the z 1 axis, we obtain the value of d 1. The same procedures can be used for 

both Yiews and for both X and Y coordinates and all or the 12 optical constants will 

therefore be determined. 

Figure 4-7 is an ilJustration of the three-dimensional grid used to provide a set of 

points with known values of [Xi, yi, zi]. 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 16 exposed squares, distributed in 1 hree 

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

12The z-o plane can be arbitrarily chosen inside the chamber. We can always shift this plan~ back to 

the center or the chamber after reconstruction 
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calculating the Z coordinate of the emulsion planes, we used the true optiral 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 

be(ore 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 spare coordinate system. This was achieved by using the points on the C-plane 

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

z 1-a1 = B1X 

V1-A1 == B1 y 

the relationship between the points and their images includes only a demagnifirat ion 

(act.or, B 1. Therefore by applying the transformations 

x' = ox + /jJJ 

J/ = -~;z +Of/ 

( o2 + fJ2 = B12 ) 

to all of the image points and mapping the images to their rorresponding \·alues of X's 

and Y's in space coordinates (-whirh were measured directly from the grid), with a simple 

fitting procedure, we obtained the values of o and fJ (the rotation angles). With this 

transf'ormat.ion, we also had a set or atandard 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 coordinatt>s. 

Appropriate transformations were therefore neces,,ary to bring every 1neasured streamer 

chamber picture to the standard V 1 or V 2 coordinate orientation for the three dimensional 

reconstruction. Table 4-2 lists the values and the associated errors of the 12 optiral 
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constants determined in this way. The rea,,on we had two sets of optical constants was 

becua.se the two lenses of the streamer chamber were disassembled once during the 

experiment and hence the relative positions between the cham her and the fiducial marks 

changed. 

Items 1st set 2nd set 
(before run 546) (after run 546) 

------ -------------------- ---------------------
81 - 3. 9161±0. 0023 (mm) - 3.8584±0.0021 (mm) 

82 - 6. 1663±0. 0034 (mm) - 6.0951±0.0014 {mm) 

Al 7. 9415±0. 0031 (mm) 8. 2959±0. 0030 (mm) 

A2 0. 5263±0. 0032 (mm) g. 6690±0 . 0025 (mm) 

81 . 0. 6139±0. 0002 0. 6142±0. 0002 

82 0. 6641±0. 0002 0. 6635±0. 0002 
c1 0. 0023±0. 0001 Cl/mm) 0. 0023±0 . 0001 (1/mm) 

c2 - 0.0018±0.0001 (l/mm) - 0.0018±0.0001 (1/mm) 

dl 0. 0051±0. 0070 0. 0001±0. 0085 

d2 0. 0201±0. 0062 0. 0131±0. 0075 

D1 - 0. 0221±0. 0078 - 0.0222±0.0084 

D2 0.0107±0.0060 0. 0027±0. 0076 

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

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

coordinates of view 1 and view 2 such that 

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

( 4-12) 

( 4-13) 



u1 = B1Y + C1YZ + D1Z 

u2 == B2Y + C2YZ + D2Z 

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

{ Z = .111 + M1X 

y -= J,y + .MYX 
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( 4-14) 

( 4-15) 

( 4-16) 

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

expressed as 

( 4-17) 

and 

(4-18) 

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

algebra, we ha,·e 

1 , 
J. =-(A''ll -AY2) 

y .::l 

{ A YI =61 ( m 2d2- D2-62C2/ B2)/B1 B2 

AY2=62(m1d1-D1-61C1/B1)/B1B2 

.M = _:_ (BYI - BY2) 
y .::l 

{ BYl =m1( m 2d2-D2-62C2/B2)/B2 

BY2-=m2( m 1d1-D1-61 C1/B1 )/B1 

J. =!._{~-~} 
z .'1 B1 B2 

1 
M1 == .'1 {m1 - m2} 

where 

.::l =DI - 02 

( 4-19) 

(4-20) 

(4-21) 

( 4-22) 



{ Dl=(m2d2-D2-62C2/B2)/B2 

D2=(m1d1-D1-61C1/B1)/B1 
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and the errors associated with these four coefficients can be estimated according to the 

formula 

u 2 - _E l aA ~u-) 12 
A - •=I 8u. "'\ 1 

l 

( 4-23) 

where ui(i=l,-··,16) are the 16 parameters including ml' m 2, 61' 62 and the 12 optical 

constants. The projection angle 8 and the dip-angle 'I o( the track in space (figure 4-8) 

can be calculated ~ 

8 = ton- 1 M y 

'I= ton- 1(M
2
co80) 

(4-24) 

(4-25) 

The resolution of the dip-angle depends strongly on the stereo angle of the optical system. 

This ran be easily understood from the following example. In the limit of iero degree 

stereo angle (S 1 in figure 4-6 approaches 0), equation 4-6 to 4-9 can be written as 

x1 = (B1+C1Z)X 

u1 = (B1+C1Z)Y 

x2 = (B2+C2Z)X 

y2 = (B2+C2Z )Y 

( 4-26) 

( 4-27) 

(4-28) 

( 4-29) 

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

{Y==MyX, Z=M
1
X}. From equation 4-26 and 4-27, we have 

J.'1 = Myxl (= m1z1) 

J.'2 = Myz2 ( = m2z2) 

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

The calculated dip-angle will always equal to 0 (Eq. 4-22) even if M
1 

rl: 0. In our system, 
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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 t1 .M - 0.036) for the forward tracks. 

Two tests were performed to check the 3-D reconstruction procedures. The first one 

was to reconstruct several fakr. tracks made out of the measured points from_ the C-plane 

of the 3-D grid. Since all of the points lie on a plane, the value of .M
1 

for these trach 

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

0.0128±0.0825 
0. 0120±0. 0455 

- 0. 0041±0. 0384 
- 0. 0046±0. 0513 

0. 0139±0. 0601 

The mean value was consistent with 0 (although with huge errors). Another test of the 

reconstruction proce~ 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 r.nd 

point8 of these stray tracks were not well defined on the pictures. The distance between 

the two wire planes or the streamer chamber was 4.5 mm. Assuming that the uniform 

electric field region started from a distance or about 1.5 wire-spacing from the wire plane' 

thus the effective uniform field region was approximately equal to 4.2 mm. Ginn a 

streamer density of about 6 streamers per mm, naively, one would expect the first 

streamer to be visible at ,...,,_, 0.1 mm inside the uniform field region. So, taking into 

account the uncertainty of measuring the end pointa of the tracks, the measured \·alue for 

the cham her width was anticipated to be on the order of 3.8 mm. Figure 4-9 is a plot or 

the ideogram for the results of the reconstruction from 10 stray trarks. The mean Yalue 

is about 3.5 mm which is close to our estimate.13 

13The center or the chamber can be determined from the reconstruction or the end points or these stray 
tracks. 
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After fixing the coordinate system for the streamer chamber, the next thing we did 

w~ to match this coordinate system with the downstream muon spectrom~ter 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 aide (west) of the 

spectrometer sue h that the central hole areas or the hadron filter were covered by the 

active regions of the PW C's. (Each PWC had 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 P\\TC's. 

Some of these tracks might also be clear and measurable on the streamer chamber 

pictures. Using the 3-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 cham her 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 or 

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 P\\YC'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 cham her tra<" ks. 

extrapolated through the whole apparatus. 
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Chapter 6 

THE MISS-DISTANCE ANALYSIS 

In chapter 1, equation 1-13, we estimate that in order to clearly obse"e the charmed 

particles with a visual detector, the detector shouJd have a resolution or about 40-50 pm 

or less. At the end or 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 ttJidth is about 8()..90 pm OD the film mainJy due to the cfitrusion etrect or the 

primary seed electrons. We also mentioned that this full track width is however not the 

only limitation OD the true two-track resolution or the streamer chamber pictures. In 

fact, the pictures suffer from the characteristics or the self-luminous streamers such as 

fJuctuatioDB in the brightness of the streamers and the halation problem OD the film etc. 

Empirically we determined that two close tracks are measurable onJy 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 eventa with tracb which miss the 

primary vertex (tracks from the decays of short lived particles). Fint of all, let us take a 

look at the rlJ"St picture of figure 5-1 where we echematically define eeveral event topology 

parameters, S, L, 18 and Id. The miu-distance, S, is the most sensitive parameter to test 

130 



131 

--.. -~- -
-.1~.(cutJ 

beam 
... -----------

Fisure i-1: Definition of nent U>pology parameters 

For the top fagure: (a)S ·the miu-distance, the distance between a track and the primary 
vertex. (b)L ·decay length. (c)88 ·the track angle measured w.r.t. the beam direction. 
(d)8d - the angle between the tlauglater track and the parent track. All parameters att 
measured on tbe streamer chamber pictures. 
For the bottom fagure: all vi1ible non-primary vertex tracts with 18 greater than 150 mr 
are considered u the daughter tracks from atrange particles. 
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whether or not a track comes from the primary \•ertex. The sensitivity depends, of 

course, on the resolution of the streamer tracks. In our case, we foun~ that to tell 

visually that a track misses the primary vertex, the minimum value for S is about 200 µm 

OD the film I. 

A potentially serious background in this way of defining the charm signal is the decay 

tracks from strange particles such as K0
1

, i:+" etc. To see how we can suppress this 

strange particle contamination, let us first compare the kinematic characteristics or the 

charmed particle events and strange particle events. Figure 5-2 shows S and la 

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-I. For 

charmed particle events, figure 5-2 includes the generation or D-D pairs with the following 

distribution for the inclusive production cross section or D particles (see equation 7-1 ):2 

du fJ 
---

2 
= C(I-IXrD exp(-2.5Pt) with /J=5 

dXrdPt 

From these monte-carlo studies, we have the following probabilities: 

{ 
,.._ 7% for tracks from charmed particles 

18 > 150 mr: 
,.._ 45% for tracks from strange particles 

{ 
,.._ Q% for tracks from charmed particles 

S > 200 µm: 
,.._ 61 % for tracks from strange particles 

and the probability for S>200 µm and 18 >150 mr: 

{ 

,.._ 1 % for tracks from· charmed particles 

,......, 34% for tracks from strange particles 

(5-1) 

(5-2) 

(5-3) 

(5-4) 

1All or 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 or fJ or equation ~ 1 in the range Is /JS 7. 
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If we define a kinematic cut such that all of the viai61e non-primor11 vertez tracka with 

18 > 150 mr are conBidered aB the aecondarJI tracka from atrange partidea we will at 

most loose -1 % of charm events and considerably reduce the strange particle 

background. Conversely, tracks with le > 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 miH-di•ta.n.ee analysis for the 

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

• Remove alJ of the tracks which visually miss the primary vertex and have 88 > 150 

mr from the measured events. In the case of the vee tracks, if one of them has 08 

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

• Assign all or the measurable nuclear fragments and ordinary tracks with 88 > 150 

mr to the primary vertex. 

• Fit the primary vertex. 

• Calculate the value S and the error, OS, for tracks with 88 less than 150 mr.3 

• Calculate the quantity S/DS. 

• Find the largest value of S/DS, from both views, for each event. 

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

From the monte-carlo study4, we estimate that the probability (or a charm event, which 

satisfies the topologfl requirements5 of the miss-distance analysis, to have the quantity 

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

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

4See appendix-I, the monte-car)o takes the measurement process into account. 

6 At least two measurable tracks with 18 ~ ISO mr to make up the primary vertex and at least on~ 
measurable track with 18 < ISO mr for the S/DS calculation. 
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single vertex event which satisfies the topology requirements or the miss-distanre analy~is 

to have S/DS greater than 3 is - 4%. Figure 5-3 illustrates the S/DS distributions or 

charm events and single vertex events. Also shown in figure 5-3 is the histogram or the 

quantity S/DS cauculated from 892 interaction trigger (NI·~ pictures. The majority of 

these interaction events were expected to be single vertex events. The monte-c arlo 

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

In principle, there are three possible causes for a big value or 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 or our muon-trigger events (see 

section 3.2 and section 4.2) contains charmed particles. Ir we want to apply this miss

distanre 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 

num her 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 or 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 cham her. The match-up criterion is 

where 8" and It are the horizontal angles of the muon track and the streamer track 

respecth-ely. In general, there are three possible classes or events: 

Case 1 The muon track matches with one or the measurable tracks in the streamer 

chamber picture. 

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

due to a group of track! which are very close to each other. 
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Solid line : lrom monte-carlo charm (D-D) events. Dashed line : lrom monte-carlo aingJ~· • 
vertex event.a. The monte-carlo includes tlae picture quality aimulatioD aad tlae rtlm 
measurement proce11 (see appendix-I). The histogram ia the S/DS distribatioa calculated 
from 892 Nl·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-tracb are considered as not 

originating inside the streamer chamber and therefore should not be included in the finaJ 

analysis for extracting the charm signal. 

What we will eventually do is compare the result from the miss-distance analysis (or 

the be8t-matched-muon sample (769 events; item 14 or table 4-1) to the result for the 

interaction-trigger sample ( 1612 events; item 12 or table 4-1 ). However, due to historical 

reasons, the whole analysis started from the sample or 1492 6etter-muon events (item 15, 

table 4-1). From this better-muon sample, 831 events satisfied the topology requirements 

for the miss-distance analysis and ·t20 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 26
. 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 or the streamer chamber pictures, the 

measurers were instructed to measure whatever was visible and at aJJ 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 or events or tracks were removed 

from the measurement data: 

• Events which are too faint to be measured. 

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

discharge inside the streamer chamber in the previous frames. 

8From now on, for the simplicity or discussion, when we say an ennt with S{DS ~ 3 we mtan tha.t this 
event has at lea.st one track with S{DS 2: 3 in either view I or view 2. 
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• Charged particle interaction events. 

• Events which are really stray tracks due to particles striking the metaJ frames or the 

streamer chamber. 

• Tracks too dose to each other. 

• Faint tracks. Usually, faint tracks are MSC>Ciated with faint events. However, there 

is a small fraction or the tracks that are faint because or small streamer density or 

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

• 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 eYents 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 meoaura6/e tracks with la greater 

than 150 mr and one measurable track with la 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 
!.,. I = --= 0.56±0.02 

"'-'PO ogy 1492 
(5-5) 

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

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

picture efficiency can be estimated as 

t'pb-t'topology 1 £picture quality 

or 

£pix - (0.56±0.02) (148/184) - 0.45±0.04 (5·6) 

Here the symbol Epix represents the pro6a6ilit11 for an event to 6e included in the miH

diatance anal11aia. 
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Figure 6-4: 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 ~p by the miS&-distance calculation, could very likely be 

miAed if the event-selection depends completely OU the visual scanning of the pictures. 

Examining figure 5-4 carefully {by viewing the picture at a •hallow angle with respect to 

the surface of the paper), one will find that track·E misses the primary nrtex (S - 400µ 

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 
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chamber experiments. Figure 5-5 shows the measurement points, the point meMurement 

eJTOr bars and the fitted line for this event. Track A and track H are both .with 18 > 150 

mr and are therefore usigned to the primary vertex. 

So far, the miss-distance calculation is applied U> the sample of better-muon events 

and a comparable sample or interaction-trigger events. We now apply more stringent 

muon selection requirements, the 6ut-muon cri~rion, and the mcatela.ed-6e•t-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 or the real muon events 

from charm decay. Table 5-1 summarize this clean-up process. Let us now concentrate 

on the matched-beat-muon sample and the interaction-trigger sample. From the 

interaction-trigger sample, there are sg2 events included in the miss-distance analysis and 

14 events have S/DS greater than 3 after the rescanning procedures. From the 

matched-beBt-muon sample, there are only 362 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 1 (362/892) == 5.68 events (5-7) 

Figur~ 5-6 shows the histograms of the quantity S/DS from both the 23 muon events and 

the 5.68 normaliied background events. By subtracting these two num hers directly, the 

charm signal is estimated as 

23-5.68 - 17 .32±4.73 events (5-8) 

Before concluding this chapter, let me point out an interesting (self-ronsis~nt) rhec k 

between the data and the monte-carlo predictions. From the monte-carlo study. th<> 

possibility for a detected charm event (i.e. at le~t one trark with S/DS > 3) to ban· two 

tracks with S/DS > 3 is about rn%. 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 trarks 
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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 l eyent has three 

tracks with S /OS greater than 3. Even though the statistics are low, the results are 

however consistent with the mont.e--carlo predictions. 



143 

Total number of Number of events Nmuber of events Number of events 

Samples events included in the with with 
S/DS l: 3 SIDS~ 3 

miss-distance (after rescanning) analysis 

Better muon 1492 831 120 34 

•Matched" 
640 

Best muon events 
362 66 23 

Interaction-
trigger 1612 892 88 14 
events 

Table 6-lz Summary of the misa-c:listance analysis 
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Chapter 8 

RESULTS AND DISCUSSIONS 

8.1 CALCULATION OF THE CHARM PRODUCTION CROSS 

SECTION 

First of all let me introduce the following symbols whit'h 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 

or ungated trigger ennts. 

t: The gated trigger events1. 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, tht" miss-distanre analysis 

includes only measurable fiducial interaction events. 

c: Charm production events. 

1See section 3.2 for the definitions of ga~d triggers and ungat~d triggtrs. 
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µ: Muon-trigger (Nl·CV·MU), gated or ungated. 

int: Interaction-trigger (NI·~, gated or ungated. 

det: Detected events. That is the num her of events deterted as the signature of charm 

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

G/UG: Quantities associated with 1att:d or ungatt:d triggers such as the gated muon 

triggers, ungated interaction triggers etc. See the last paragraph or 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 

I. 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 a,,sumption is consistent 

with the ratios between item 7, IO and item 9, 12 or table 4-l (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 or identifying all or the primordial charm production events and all or the 

ordinary haclronic inelastic interaction events. In this case, the ratio of the produt>tion 

cross sections would be 

"c I - == N" NP D'· c mt 
mt 

(6-1) 
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where N~ is the total number of charm events produced and Nfnt is t.Qt.al number or 
inelastic interaction events2. If we further suppose that we took pictures for all or these 

primordial production interactions, from the first a,,sumption above, we have_ 

" _c = Np,mf / Nf',m/ 
(1. c mt 

mt 
(6-2) 

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 NPc rharm events 

'" 
which satisfy the muon-trigger requirement. Let us define t;, as the pro6a6ilit11 for a 

charm event to 8ati8/JI the muon-8dedion requirement8 (including the on-line muon

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

or 

(6-3) 

and 

" _c = Np,mf / (Np,mf.tc) 
q. c,µ mt µ 

mt 

(6-4) 

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 OD the gated triggers only. Statistically' the values or N~::f and Nf~~/ can be 

expressed as 

2Since both ~t and ~are accumulated in the same experiment over the same period or time, the ractors 
concerning the beam nux and the target density can be neglected here. 
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Np,m/ = Nt,m/ [ ( N•calar\ / ( N•calar) J 
c,µ c,µ µ IUG p G (6-5) 

Np,m/ = N~,m/ [ (N~calar) / (N~colar) J [ (N~"''"'") / N~·""" J 
mt int mt UG mt G mt G mt 

or 

Np,m/ == N~,m/ [ (N~calar) / N!·""" ] 
mt mt mt UG mt (6-6) 

where (N~cala")uG and (N;calar)0 are the total numbers of ungated muon-trigger events and 

gated muon-trigger even~ respectively. Obviously, (N;calar)
0 

is a sub-sample of 

(N~calar)va and only events in this sub-sample are a,,sociated with the streamer chambt>r 

pictures. N~·,;' is the total num her of meaaura6le charm events satisfying the on-line 

muon trigger requirements. This num her will be obtained from the results of the miss

distance analysis. (Ni~fla'")u0 corresponds to the total number or interaction-trigger 

even~. Nt~~can is the num her of interaction-trigger events included in the me~urement 

list. N~~7/ is the number of fiducial and me~urable events from the sample of N:~'tcan. 

The ratio of N~·m/ to N!·''0
" is simply the effect or the meaaura6/e and 'iducial mt mt J 1 

requirements of the first assumption mentioned above. 

Now, let us apply the miss-distance analysis to a sample of N~m/ muon-trigger events 

and a. comparable sample of Nt~~I interaction-trigger events. Let us also assume that 

there are N!·,;' charm events in the N~m/ muon-trigger sample3. As we have already 

discussed in the previous chapter, only a portion of the N!',~/ 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 l ·ix in equation 5-6). As . p 

a result or 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 ln and the 

3The eequential logic is: Within (N~aalor)0 even~, Nj:"'' are measurable. Within this N~"'' events, there 
are, presumably, N~·.:' charm events. The value or N~:,. I is what we are eventually int.nested at. 
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total num her or detected charm-events N:tt, we then have 

N"tt == Nt,m/ . l . . £ 
c c,p pix D (6-7) 

and equation 6-5 can be rewritten as 

NP·~/= [ (Ntealar) / (N•tala') ) [ Ndtt / £ ·l . J 
c,µ µ UG p G c D pix (6-8) 

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

be calcua]ted as: 

(1 
_c = Ndet{ [(Nsealar) N~,scan] / ((N~ealar) (N'ealar) N~,m/ £ ] } 
(1. c "' UG mt mt UG p G mt total 

mt 

where !total == c;, · !D ·!pix 

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

( Nualar) = 2212""7 
µ VG 

1 

( N~calar) = 4477Q8691 
mt UG 

= 18460 

== 1612 

Thus let us rewrite equation 6-9 as 

"c = Ndtt 4.88xl0-8 

"int c !iota] 

(6-9) 

(6-10) 

(6-11) 
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The quantity !total is the multiplication or three efficiencies, e;,, £D and !pix· The value 

or !pix has been estimated in chapter 5 (equation 5-6) as 

!pix = 0.45 ± 0.04 (6-12) 

! 0 , the detection efficiency, is the pro6a6ilitJ/ for a charm event, ttJhich aati3/ie3 the 

topologv criterion for the S/DS anal,,aia method, to have at least one track tllith S/DS 

greater than 3. This efficiency is estimated with a monte-carlo program (appendix-I) and 

its value depends basically on the lifetimes or the charmed particles. Table 6-1 lists the 

values or !0 versus various different charmed particle production models. 

The charm muon-trigger efficiency, e;,, has been defined in equation 6-3. This 

efficiency is a combination of the on-line charm-trigger efficiency, !trig' and the off-line 

muon selection efficiency, lpwc·l80rtware· Hence 

(6-13) 

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

from the semileptonic decay or the charmed particle. This num her is estimated, from the 

monte-carlo study, as 

[software = O.BQ ± 0.03 (6-14) 

lpwc 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]) 

lpwc == 0.74 ± 0.04 (6-15) 

The on-line trigger efficiency, !trig' for a charm event is also estimated with the monte

carlo program or appendix-I. This efficiency represents the pro6a6ilitfl for a tharm

anticharm pair to aatia/11 the muon-trigger requiremrnf8 dearribed in aution 3.2. 

Again, !trig depends OD the production model and the semileptonic branc bing ratios or the 
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charmed particles. Table 6-1 shows the values of Et.rig versus various production models. 

Let us subsititute the values of !p1•• , t and ! rt into equation ~11 the ratio ... pwc: so ware ' 

or the cross sections is 

"c: == Ndtt (l.65±0.18)x10-7 

"int c £trig.£D 
(6-16) 

where the error represents the overall systematic error introduced in estimating the 

various efficiencies. 

In the ]Mt ch~pte;:.c a,, 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-6e8t-muon sample. Presumably, these 23 events include real charm events and 

background events due to statistical nuctuation and strange partide contamination. The 

num her of background events is estimated (equation 5-7) as 5.68 events from the 

normalized interaction-trigger sample. Therefore by subtracting these two num hers 

directly, we have 

N~et = 17.32 ± 4.73 events (6-17) 

Table 6-1 lists the values or "cf "int (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, "c' calculated with either A 1 or A 
213 

dependence for 

the production cross sect.ion. The value of nucleon-nucleon inelMtic interaction cross 

sect.ion for this cakulat.ion is taken M 32 mb. The charmed particle produC'tion models 

used in this table follow the distribution [11, 15, 20] (see Appendix-I, equation 7-1) 

(6-18} 

("·it h Q == 2.5) 
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with each charmed particle produced independently. Tht- value or fJ is taken ~ a variable 

of the production model. The parameter a is fixed to 2.5 since the Pt distribution has 

been measured by several different experiments and the results are consistent with the 

distribution exp(-2.5Pt) (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)) 

r(D+)/r(D0) = BR(D+)/BR(D0) = 2.1 

and (BR(D+)+BR(D0)]/2-= 8% 

hence 

BR(D+-+ p) = 11% 

BR(D0 -... µ) = 5% 

and [18] 

(6-19) 

(6-20) 

(6-21) 

The trigger efficienfy, etrig' 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 or 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.5 The total num her of 

'Some groups fit the P, distribution to a rorm like exp(-1.JP,2). From the monte-carlo study, our triggn 
erriciency is not sen!!itive to whit'h distribution rorm are used. The trigger erfid,ncy is also not v~ry 

sensitive to the exact value or o within the range between 2.25 and 2.5. 

&Most or the tracks from the charm decay were confined in a small angular region with respN·t to the 
beam direction (see figure 5-2). 
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ungated interaction triggers included in this analysis was 447798691 (item 2 or table 4-1 ). 

Within this amount, 241403041 triggers were taken with the toroids set ~ 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 ~Deluded the 

weight (actors or 0.54 and 0.46 for positive focusing toroid polarity and negative 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 fJ value), 

the difference in the toroid pol arty should not affect the overall trigger efficiency. For 

production models such as the 11:-0 production, the event trigger efficiency depends on 

the toroid polarty if t~e fJ value or the charmed particle is different from the fJ value of 

the anti-charmed particle. For production models with small value of fJ (such as fJ ,..._, 1 ), 

most of the charmed particles are produced in the forward and backward direction 

(i.e. high IXrl value) in the center of m~s 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 or low energy. 

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

The values or the cross section listed in table 6-1 are calculated according to the 

Yarious 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 unt"ert.ainties in estimating the efficiencies for equation 6-9. The ,·alues of 
(1 

O' c(A213
) were calculated direc-t.ly from the ratios of the cross sections _c (with O'int = 32 

"int 
mb). Since the g~ inside the streamer chamber was Ne(90%)+He(l0%), thE" A \•alue was 

approximately equal to 19. The relationship bet.ween the nucleon-nucleon cross sec-t ions 

calculated according to A 1 and A 
213 

dependenre assum pt.ions can be expressed ~ 

l 2/3 
t1c(A ) = 0.38 t1c(A ) (6-22) 
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It should be noted that the systematic errors in table 6-1 do not include the eJTors 

due to the uncertainties or the charmed particle lifetimes and the semilept9nic branching 

ratios. Generally speaking, the detection efficiency, En, depends linearly on the average 

lifetime of the charmed particles. The trigger efficiency, !trig' depends lin_early on the 

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 lifetime> av = 6.1 x 10-13 sec. 

<D branching ratio> av == 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 6-2 2. 
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D 2 
0. 0112 : o. 0005 0.3972 : 0.0173 6.42: 1.75 ~ 0.81 + + 

20.56 : 5.61 : 2.58 0 7.81 - 2.13 ~ 0.98 
2 

D 3 

5 3 
<'-0136 : 0.0005 0.3893: 0.0175 5.40 : 1.47 : 0.67 6.56 : 1.79 : 0.81 17.27 : 4.lZ: 2.13 

D 5 
0.016] : 0.0005 0.3836 : 0.0178 c.57 : 1.is : o.56 5. !>6 : 1.52 : 0.68 14.63: 3.99: 1.79 

r> 5 . 
D 7 

0.3887: 0.0178 4.00 : 1.09 : 0.49 
r> 

0.0184 : 0.0005 4.86 : 1.33 : 0.59 12.79: 3.49: 1.55 
7 

0 5 

0 3 
0.0149 : 0.0005 0.3977 : 0.0180 4.82 : 1.32 : 0.59 5.86 : 1.60 : 0. 72 1~.43 : 4.21 : 1.89 

D 7 
0.0136 : 0.0005 0.3834 : 0.0178 5.48: 1.50 : 0.68 6.66 : l .82 : 0.83 17.54: 4.79: 2.18 D I 

/\c I 
0.2452 : 0.0179 12.40: 3.39: 1.76 15.08: 4.12: 2.14 39.68 : 10.84 : 5.62 D 3 

0.0094 : 0.0005 

Ac I 
0.0102 : 0.0005 0.3000: 0.0176 9.34 : 2.55: 1.24 11.36: 3.10: 1.51 + + . 

0 5 29.89 - 8.16 - 3.98 

o•S. 
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8.2 DISCUSSIONS AND CONCLUSIONS 

Table 6-1 lists the ratios or 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 XF dependence for the produced charmed 

particles in this experiment6• 

It is interesting to note that the cross sections calculated with the A~-D 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~ -D 

events (since these models use natter Xr distributions for the production cross section; as 

discussed in the previous section) and partially because or the low detection efficiency due 

to the short lire time or the A~. In this experiment, we tried to compare the relati\·e 

importance between the D-D production models and the A~-D 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 or them were taken with the opposite 

toroid mode. (The two toroid polarities are discussed in the previous section.) Ir we 

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

we get: 

n EE n++ === 11 (6-23) 1 
= Num her of positive muon events detected with positive focusing toroids. 

n E n-+ = 3 (6-24) 2 
= Number of negative muon events detected with positive focusing toroids. 

1We tried to use th~ distribution or the muon pseudo-rapidity as a means or distinguishing b~tween 
models with dirrerent Xy dependence. However, this method failed because the statistics or tht d~ta is not 
high enough ror us to make sensitive comparisons. 
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n3 EE n+- == 5 (6-25) 
-= Number or positive muon events detected with negative focusingl.oroids. 

n4 EE n-- -= 4 (6-26) 
== Number of negative muon events detected with negative focusing ~roids. 

and 

(6-27) 

Now suppose we know the probabilities for an event to be in nl' °2' n3 or n4, we can 

calculate the probability, P 0, for us to obse"e the event distribution as described in 

equation 6-23 to equatfon 6-26. Suppose we repeat the experiment many times, the value 

or 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 

R1 = Probability for an event to be in the n1 category. 

R2 = Probability for an event to be in the n2 category. 

R3 = Probability for an eYent to be in the n3 category. 

R4 = Probability for an event to be in the n4 category. 

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

Then the probability p or having DJ' ~' na and n4 can be cakualted ~ (see reference (78] 

for detailed discussion) 

4 1 
P = TI -(11R.)";exp(-11R-) 

i=l D·' a a 
1' 

(()-28) 

Define 

P0 = P(n1=11, °'2=3, n3=5, n4=4 and v=23) 

The probability, Psum' to observe a set of {ni} values which has the P value less thau or 

equal to P 0 can be calculated by summing equation 6-28 through all or the possible \'alues 

of N with all of the possi hie com bi nations of ni 's (with the condition P < P 0). A detailed 
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discussion of the calculation of P 0, P sum and the estimation of the Ri values will be given 

in reference [78). The results are summarized in table 6-2. As can be ~D from this 

table, the values of P sum for the A:-n production models are much smaller than the 

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

As suggested by Haben in reference (15), for the A:-o production models, since the 

A: contains two valence quarks and the D contains only one, the production distribution 

for A~ is expected to be flatter7 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 he even enhanced when the toroids were set to focus positive 

muons. Therefore we should haYe detected more negath·e muons than positive muons. 

This is however inconsistent with our data, in particular when one compares the value of 

Di (11) to the nlue or n2 (3). Equation 6-23 to equation 6-26 indicate that we ohsen·ed 

more positive muons than negative muons within our final detected charm signal eYents. 

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 t.he A: baryons are more diffractively produced than the D mesons. 

Suppose t.he produced charm-antichann quarks are always hadroniud into D-D 

mesons. The D meson consists-of a charm quark and an anti-light quark (u or a), nl'ither 

one of them are from the valence quarks or the interacting hadrons. Contrarily. the i5 

meson contains one valence quark from the interacting hadrons. Therefore onr may 

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

7Small value of/Jin table 6-1. 



158 

Charm 13 Ri Po PsuM pair i 

D 1 1 0.2052 
2 0.3301 

D 1 3 0.3160 5.01 x io-6 0.03 
4 0.1487 

D 3 1 0.1916 
z 0. 1:'>Rf:i 

3.22 x 10 "'6 

D 3 3 0.3152 0.02 
4 0.1646 

D 5 1 o. 2371 
2 0.3013 1.88 x io-5 

5 5. 3 n ?Qel? 
0.10 

4 0.1624 

D 7 1 0.1979 
2 n 1?c:;n 4.63 x 10"'6 0.03 

D 7 3 0.3005 
4 n 1 ?Fin 

D 5 1 0.2015 
2 0.3104 5.25 x 10-6 

D 3 3 O ~?hn 0.03 

4 0.1621 

D 7 1 0.2625 

' 0.2251 2.61 x 10-S 

D 1 3 0.3955 0.12 
4 0.1169 

A+c 1 1 0. 101F. 

2 0.410R 
7 .40 x 10"'9 

D 3 3 0.2342 0.68 x 10·4 

4 0.2314 

A~ 1 1 0.1149 
2 o. 4501 1. 30 x 10·8 0.12 x 10"'3 

r5 5 3 0.2011 
4 0.2317 

Table 8-2: Values of Ri, P 
0 

and P wm for different 
production models 

The value of Ri were calculated from charm monte-carlo together with the estimation or 
background events. 140 events with 1.0 < S/DS < 2.0 from the mat.cbed·best.-muon 
sample were ueed to estima~ the background distribution. For this background 1amp~, 
11 ==30, 111-=38, n1-=51 and n4-=21. 
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muon from the decay or 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 ~l) to the result f~m the high 

resolution bubble chamber experiment. The average value of the cross section measured 

in this experiment (for the ca,.,e of A213 dependence and from the D-f> production models 

of table 6-1) can be estimated to be on the order of 17.60±6.81 pb (the error was 

calculated as a combined error including the systematic error due to the various diffe~nt 

production models.) The indusive D or 15 production cross section in 360 Gev pp 

interactions was measured by the LEBC EHS Collaboration (37] as 56 (+25; -12) µb. 

From this inclusive cross section, they estimate (with assumptions on the production 

models) the event. cross sections as o(DD) == 24 (+9; -5) pb and D(A:D) == 8 (+10; -8) 

µb. Sinc.-e our data were collected over the whole neutron spectrum, the cross section 

calculated with equation 6-16 (and the values of table 6-1) are actually the average Yalues 

weighted by the neutron spectrum (let us use the symbol <uc> to indicate the at•eraged 

value from now on). Thus we can not compare our cro~ section values listed in table 

6· l directly to the LEBC values. 

The dashed line of figure 6-1 shows the distribution or the intrraction centrr of mass 

energy calculated according to the E-630 neutron spectrum as disrussed in section I or 
chapter 3 (figure 3-5 ). The three solid lines in this figure are the theoretical predirtion~ 

for the charm production cross section as functions of the center of ma,,s energy (see 

figure 1-5 or chapter 1 ). These curves are reproduced from reference [69} and (11 ]. Let 

functions O'(S112) and E(S112) represent the cross section and the center of mass enl'rg~· 

distribution respectively, the value or the average cross section measured in our 

experiment will be 

(6-29) 

and (with numerical integration) 
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<ac(for curve a)> ,.._ 30.7 pb 

<u c((or curve b)> ,.._ 8.0 pb 

<uc(for curve c)> ,.._ 5.0 pb 
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(6-30) 

(6.31) 

(fr32) 

On the plot of figure ~I, the value of the event cross section of LEBC (-.. 24-32 µ b ), 

at JS=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>rrom LEBC ,.._ 15 - 22 pb 

This value is reasonably close t.o our cross section values in table 6-1, for the D-D 

production models and a~uming -~n A213 dependence. Since the data or 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 A
213 cross section dependence for the hadronic charmed 

particle production. 
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CONCLUSIONS 

In this thesis, I report the experiments in which a triggerable streamer ~hamber was 

used as a visual vertex detector for studying the had.ronic production of charmed 

particles. We achieved a streamer size or 50 pm, a rull track width or 80µm and a two 

track resolution or 150 µm. Even though we consider the performance of the streamer 

chamber is technically successful, the resolution (150 pm on the film) is marginal for the 

study of charm physics~ Utilizing the triggerability of the streamer cham her, out of about 

45 million hadronic interactions, 1807 muon trigger pictures were selected and measured. 

With a special miss-distance analysis, we obtained 17.32±4.73 events as the charm 

produr.t.ion signal. With various assumptions for the D-D production mechanism, the 

nucleon-nucleon charm production cro~ section, averaged oYer the neutron spectrum, can 

be estimated according to the assumption of either A 1 or A
213 

dependence for the cross 

section (see table 6-1) : 

For A 1 dependence 

and 

2/3 
For A dependence 

Our result is consistent with the analysis of the LEBC Collaboration if the A
2

/
3 

dependence is chosen. 



Appendix I. MONTE-CARLOS 

I.I THE CHARM MONTE-CARLO - <MONTED> 

A Fortran monte-carlo program, <MONTED>, has been developed to simulate the 

hadronic charm production interactions. In this section, the algorithm of the program 

will be described step by step. 

•Neutron •pectrum 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 or Xr aet at 0.3. The center or mus energy, 

Scm' for the neutron induced interaction is calculated according to the generated neutron 

momentum. 

•Selection of charm pair - <DPAIR> 

The charmed particles are always produced in pain. For the case of A:-n production, 

the D particles are chosen equally between n- and J>0• For the cue of D-1> production, 

the charm pairs are chosen equally among (D+-D-), (D+-1>0), (D0-J>0) and (D--0°). 

• Production mechanilm1 

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 

(7-1) 

where o - 2.5 (see diacW1Siona for equation 6-18 of eection G.l) and t.he value of ~ is 

chosen between I and 7 (15] according the the various production models. In our data 

analysis, we used this production mechanism (see section 8.1 ). 
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(B) <MASSDS> 

The mass or the composite D-n system is generated according to the distrib_ution [20]: 

(7-2) 

with Q and fJ or equation 7-1 equal to 2.23 and 2.98 respectively. 

• Selection of charm deca7 mode - <DMODE> 

The decay of a charmed particle is considered only if it decays before the front end of the 

first hadron filter1
. The decay position is calculated according to the lifetime (E;q. 1-& to 

Eq. 1-9) and the momentum ol 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(C) .... 8(5) + t+( r) + " (7-3) 

or 

c(C)-+ s(S) + q + q (7-4) 

Equation 7-3 leads to the aemileptonic 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 Kw) according to the spectator diagrams. 

Therefore 

o+ ... R0(R0•) + x 

n° .... K-(K-•) + x 

and so on 

(7-5) 

(7-6) 

For A~ decay, we assume that the 1 quark hadronizes equally into A0 and (K+p) 

channels. 

1Most of the charmed particlee will decay inlide the ehamber. 
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We also usume that the ratio or the aemileptonic branching ratios is equal to the 

ratio of the lifetimes: 

BR(D+)/BR(D0) - r(D+)/r(Do) 

with BR(D-+µ) - BR(D-+e) a BR(D) and 

(BR(D0)+BR(D+)J/2 - 8% (world aYerage) 

For At, we assume that BR( At -+µ)-=5% 

(7-7) 

For the hadronic decay mode of the D particles, we usume that the D particles 

always decay to Kw··· system. The number of pions is chosen to be equal to l+n where n 

is generated according to the Poisson distribution with a mean .-alue equal to 1.7 

(DHMEAN). For At, we usume that A: decays into Aw·· or Kpw·· systems. Where 

again, the number of pions is equal to l+n with <n>-0.5. (In the process of choosing 

the type or 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>2 

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. 

• Strange particle decay 

The subroutine <KAONS> takes care of the decays of the K mesons. Subroutine 

<SBRYON> handles the decays of the strange baryons r+, r-, A0 and A°. The 

Yarious decay modes and branc:hing ratios are chosen according to the particle data 

book (144). 

• Generate track• for the prima17 vertex - <PRIMRY> 

In order to aim ulate the neutron induced interactiona inside the streamer chamber, pions 

2Jerry Friedman, LBL Group A Progrunming Note No. P-189, 1071 
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are generated together with the charm pair for each event. The nom ber or charged piom 

is chosen according to the relationships 

<N(w+)> - <N(w-)> - ..kN h> 2 c 

and [140] 

(7-8) 

(7-9) 

where < N > is the mean value of a Poisson distribution and Serr is the errective center or 

m~s energy. In reference (140], Serr was calculated by eubtracting the energy or the 

leading particles (both forward and backward) from the total center of mass energy. In 

our case, Serr is calculated by subtracting the energy of the charm-anticharm pair from 

the total center of mus energy. 

These pions are then generated according to the distribution (130) 

d~ 2 2 
2 -= A exp(-7.0Pt+0.5Pt ) exp(-0.14Ycm ) 

dYcmdPt 
(7-10) 

where Y cm is the rapidity of the pions 

• Charged particle track generator - <TRACK> 

All charged particle tracks inside the streamer cham ber3 are converted into the film 

images (view l and view 2). This space to film conversion follows the algorithm of the 

three dimensional reconstruction discussed in chap~r 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-&30 analysis program - <MAPP>. 

•Trigger requirement - <CONDTN> and <PROPAG> 

The muons from each monte-carlo event are propaga~d through the muon spectrometer. 

II none of the muom satisfys the muon trigger requirements u described in chapter 3, the 

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

3the etrective field region inside the chamber ia choeen u 3.5 mm u dilcumed in eection 4.3 
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• Track •blocking• aimulation - <REMEAS> 

In chapter 2 and chapter 5, we mentioned that although the full width of the streamer 

chamber track is about 80 p on the film, we can not measure the regions where two 

tracks are closer than 150 pm. In order to simulate this track overlapping errect, a set of 

measurement points are generated for events which satisfy the trigger requirements. This 

monte-carlo measurement procedure should have a net resu.lt statistically similar to that 

of the real measurement or the streamer chamber pictures. The measurement points are 

generated according to the following guides: 

I. 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 ·1nm, 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 or 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. 

S. Some tracks might have to be divided into two or three measurable sections (for 

example, two tracks crossing over each other). In this cMC the minimum length 

for a measurable section is chosen as I mm. 

6. Ir a track misses the primary vertex by greater than 0.2 mm, the program labels 

this track as a non-primar11-vertez track. Othendse the program labels the trac-ks 

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 renec:ts 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 ge~erating 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 meso.ns a~ generated with the assumptions 

where < N > is the average number of particles per event. 

and (130) 

dtT ==A e-•.G.fie-1.oY.2 (7-12) 

dYcmdpt2 

The value of <N(K+I-)> is estimated as 0.3 from reference (129] and 

<N(K
8
)>-=0.15 from reference (138). Reference (138] is based on data from 

147Gev /c 11'-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. i:+" and L hyperons 

According to table 3 and appendix of reference [135] (p-BeO interactions), the 

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

.<N(z:+)>........,0.030 and <N(_L-)>--0.014. Therefore, for this monte-carlo, we use 

<N(rt)>==0.060 ; <N(r-)>-=0.028 (7-13) 



For the production mechanism, we use 

d(1 - A (I-IX lfe-'1.0P, 
dXdP 2 F F i 

' - -0.24 for IXrl < 0.9 

(we assume that the distribution for IXrl > 0.9 is the eame u the 
distribution for Xr-0.9) 

169 

(7-14) 

The value or , is estimated from the results of the Fermilab hyperon (~Be 

interactions) experiment (145). However, in the hyperon experiment, with 400 

Gev/c incident protons, the leading particle ell'eet for the production of the r:+ 
particles is expected. In our case, with 280 Gev average energy neutrons as 

incident particles, the 'values for the E hyperona are anticipated to be larger than 

-0.24. However, in the monte-carlo, we use the same distribution for both i:+" and 

~ in both forward and backward directions. 

3. A0 and :A0 

Again, the particle muliplicities are taken from reference (135) (multiplied by 2 for 

both forward and backward hemispheres): 

<N(Ao)>-=0.126 and <N(A°)>==0.026 

and the production models (132] 

_d_t:1--= A exp{-F(P )-G(Xr)} (1-Xr)S(P,) 
dX dP 2 t 

F i 

with 
3.79(P t2+0.304)112 

F{P1)={ 
2.45P.,2 

{ 
1.65(Xr-0.866 )2 

G(Xr)== 
12.2Xr 

and 

for A0 

for R» 

for 1> 

(7-15) 

(7-16) 



S(Pt) - 0.804+0.999P t2 

S(Pt) - 0 

for A0 

for JO 
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After generating the strange particles, piom uaociated 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 meuurement simulations are handled in the same way u the 

charmed monte-carlo. 



• • • . . • • . . • • • • • • . . 
• • • • • • . . • • • • • • • • • • • • • • . : 
: : 
I• •• • • 

Figure '1-1: Comparison of the monte-carlo film measurement procedure 
with a real event from E-830 data 

The dashed lines and measurement poiDta are from real data, 5gg.gm (Vl). T•e fint 
measurement point on a track can be regarded aa the beginning of the meuarable section 
as determined by the ecanner. Tbe darker lines are the measurable eectioae determined 
by the mont.e-carlo (aee text). It can be leell that the beginninp of theee eedion• att 
very close to the f111t measurement point.a of the tracb. (Tlae 1eale a& the lower left 
corner represents 1 mm/Div.) 
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Solid liDe: from real data. Dotted line: from monte-carlo. The track angles are measured 
with respect k> the beam direction 
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Appendix D. THE WEDGE-SHAPED TERMINATOR 

The behavior of the wedge-shaped terminator is discuued in detail in reference (101). 

Some interesting points which result from eolving the Maxwell's equation in.side the wedge 

are summarized here. 

Using cylindrical coordinates (figure 2-34), the Laplace equation inside the wedge can 

be written u 

2 1 a av 1 a2v a2v 
V v-- -(r-)+T~+~-o 

r IJr IJr r ar ax 

Letting V ==P(r)Q(l)X(x) and X(x) - constant, equation 8-1 becomes 

and 

1 d dP n2 

r dr (r dr ) - ~ p -= O 

The general solution for equation 8-2 and equation 8-3 is 

00 

V == E (Anr" + Bnr-") (Cn•innl + Dneo1nl) 
n=l 

with the boundary conditions 

V = 0 for I== 0 

for I~ 10 

(8-1) 

(8-2) 

(8-3) 

(8-4) 

(8-5) 

(8-6) 

where I is the current on the plate. Therefore, B
0
-D

0
-o and n-1, equation 

8-7 becomes 

l·R 
V - 1 

r ainl 
•inl0·W 

(8-7) 

The Maxwell's equation, V·H==O, implies a uniform magnetic field inside the wedgt' : 
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I 
H -=x w 

Thus we have 

l·R 
E -= - ' llinl 

r einl0·W 

l·R 
E -= - 1 eoal 1 einl0·W 

I 
H ==-

x w 

These expressions can be rewritten in Cartesian coordinates : 

l·R 
E == - " 

Y ainl0·W 

E
1

-= 0 

I 
H ==-

x w 
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(8-8) 

(8-9) 

(8-10) 

(8-11) 

Equation 8-9 to equation 8-11 are exactly in the form of a TEM wave. Therefore the 

wedge is renectionless over an infinite1 bandwidth if the incident TEM waves satisify the 

boundary conditions of the wedge (i.e. the relationships between the impedance or the 

transmission line and the surl'ace resistance and dimension of the wedged plate). The 

impedance or the transmission line with line spacing equal to s (figure 2-34) can be 

calculated according to equation 8-9 and equation 8-11 (1inl0 =-= S/L): 

l·R ·L 
V - - E ·S - --" -

'1 w 
and 

L 
Zo - V/I-= R,·w 

1U the wrraee resistance is independent or the wave frequency. See chapter 2 section 2.4 
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