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ABSTRACT 

This study examines the particle detection characteristics of a large sole- 
noid magnet and spark chamber system by means of Monte Carlo simulation. 
Such a device would serve as a vertex spectrometer in a two magnet system. 

The nominal parameters are: a 25 kG axial field, a 2 meter diameter and 
a 3 meter length. The solenoid magnet can surround the target and measure 
the low momentum, large angle particles and a second magnet downstream, with 
a conventional gap and field would measure the fast secondaries. The axial field 
solenoid has ideal azimuthal symmetry and is well suited for rotating the trans- 
verse momentum vector of slow particles in hadron interactions. 

A detailed study of the acceptance, momentum resolution and pattern 
recognition properties of the solenoid system are presented. The overall con- 
clusions are that it can measure most particles of 2 GeV/c or less very well, 
improve overall acceptances dramatically, fill in dead regions of decay distri- 
butions, make high invariant mass studies feasible (8 to 16 GeV/c beams) and 
present no obvious difficulty for the pattern recognition of tracks. A fast track 
recognition algorithm is presented and no major computing needs are anticipated 
for the magnetic field inside the solenoid. 
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I. INTRODUCTION 

This report examines the feasibility of using a larger aperture high field 
solenoid magnet as a vertex spectrometer. 

The study is essentially a software simulation of the possibilities of such 
a device. The limitations imposed by this objective should be kept in mind. 
At no point is there any discussion of the mechanical, cryogenic, electronic 
or cost estimate difficulties of such a project. Other individuals have persued 

these tasks and their work is not covered by this report. Some of the observa- 
tions made in this report will also no doubt be superseded by additional and 
more refined studies which are currently in progress. This study is an 

abstracted summary of a number of SLAC group B internal memos. 2 Material 

judged to be too detailed or of a background nature, has been omitted. These 

memos were written during 1969 and 1970 and this report may suffer some 
in continuity and subject matter because of historical reasons. It should be 

considered as a reflection of some thoughts in the beginning phase of this 
project, and not at all as a definite summary. 

The function of a vertex spectrometer would be to measure the low mo- 

mentum particles near the target, such as a recoil proton or a meson(s) in a 
many particle final state. The problems of designing a multiparticle spec- 
trometer have been discussed in the literature’ and a variety of spectrometers 
are being built. For example, the CERN OMEGA system will be using a very 
large magnet with the target and chambers inside. In contrast the present 
BNL Lindenbaum spectrometer uses a second low field and large aperture 
magnet adjacent to one side of the target for the large angle secondaries. 

The proposal under study here is to use two magnets. A solenoid with 
a B field along the beam axis and enclosing the target to measure the slow 
particles. Fast particles would be transmitted through to a downstream mag- 
net and the second magnet would be a conventional dipole magnet with a mag- 
netic field perpendicular to the beam. For many experiments such a two 

magnet system would dramatically reduce the aperture demands of a one 
dipole magnet spectrometer and improve the total as well as angular acceptance. 

The solenoid B field (along the Z axis) rotates the PT (transverse mo- 
mentum) component of a charged particle inside it. Since the PT spectrum 
is relatively invariant over a wide range of energies, reactions and particles, 
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one can design a solenoid with very universal applications. Thus a large class 
of experiments could make use of it. As envisaged at SLAC, it would be the 
front end of a very powerful two-magnet spectrometer system. This is cur- 
rently being built by group B and is known as “LASS, ‘I for Large Aperture - - 
Solenoid Spectrometer. It is anticipated to be a general facility for hadron 
spectroscopy at SLAC . 

The proposed SLAC solenoid (2 m x 3 m w/25 kG) should measure those 
particles with PL (longitudinal momentum) less than 2 GeV/c very well. Often 
these are the wide angle low momentum particles that one normally misses 
with a downstream dipole magnet in high energy experiments. 

In the following sections we look at some of the kinematics of high energy 
reactions and spectrometers. The acceptance, resolution and pattern recog- 
nition characteristics are examined in Chapters III, IV, and V respectively. 
Section II begins with a short introduction to the kinematics of a solenoid 
magnet. 

Very extensive use is made of Monte Carlo simulations and care has been 
taken to ensure that the particle distributions and kinematics are realistic. 
By using a spectrometer model and tracking Monte Carlo events through it the 
questions of acceptance resolution, etc. are easily answered. 

In this report, the primary experimental thought is given to the following 
reactions: 

Kp- Krnp 

PP - PTW 

(ii) 

(iii) 

By detecting and measuring three of the particles (7rnn or Kn7r or plr@ one can 
do high statistics meson spectroscopy experiments and or diffractive enhance- 
ment studies. The requirement that at least three particles be measured 
simultaneously is a severe one and it should be representative of difficulties 
in other many body high energy experiments. The beam momentum ranges 
in this study from 8 to 16 GeV/c. This approximates the present SLAC beams. 

The fact that reaction (i) is used throughout the study should not be inter- 
preted in any way as a limitation on the universality of the solenoid detector. 
For example, it may be possible to use the solenoid detector as a stand alone 
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system for missing mass experiments or for K” decays. The symmetric C#I 
angle acceptance would be useful in the latter. Another real possibility is to 
study the recoil nucleon resonance states (e.g. ,, N*(1400) - An) where all 
particles may be slow in the lab. But since the meson spectrum must be 
studied in production experiments, and the nucleon states are seen in detail 
via formation experiments, the meson kinematics have been emphasized. 

Since PT is measured directly, the solenoid is also ideally suited for 
studies of this variable. The related topics of inclusive experiments and 
particle correlations, would also be aided by the large acceptance range of 
this magnet. 

In addition, the unique geometry of the solenoid has made it a prime 
candidate as a detector for the intersecting beam facility experiments. 
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II. THE SOLENOID 

To a first approximation, all particles produced in strong interactions 
have a very similar transverse momentum spectrum. The PT spectrum peaks 
at about 300 MeV/c and approximately 75% of the particles have P T 2 500 MeV/c. 
Figure 1 illustrates one such typical PT distribution for the pions in 16 GeV/c 

3 
np-- mmp data. This distribution can be parameterized as4 

dN -p3/2 -aPT 
dPT T 

e 

The proposal is to use the axial B field of a solenoid to rotate the PT 
vector and with the aid of spark chambers to measure the momentum of the 
particle. These spark chambers would have to be inside the axial B field 
region to digitize the trajectory. If the beam and B field define the z axis, 
then the spark chamber intercepts of the charged secondaries will describe 
a circle in the XY plane. Fitting this circle and knowing B, one can calculate 
PT. The PL value is derived from the AZ spacing of the planes. If PT=O or 
if PL is very large the solenoid cannot make a momentum measurement. 

Figure 2 sketches the solenoid and a typical trajectory. 
In addition to the nice property of measuring PT directly, the solenoid 

has other attractive features. One can easily use a target inside the solenoid, 

since a narrow beam can enter along the central BZ flux line and thus not be 
deflected. 

The target is assumed to be at the center of the solenoid diameter and 
inside the upstream end. There may be situations where one would want to 

change this, but in this report we have not explored these possibilities. 
The faster secondary particles are passed through to the downstream 

magnet and are only rotated by the BZ field. They will not be deflected into 

or away from the dipole magnet aperture. The geometrical acceptance angle 

8 of the bending magnet can still be defined by tan 6 = PT/PL because the 
solenoid BZ field does not change the angle 0 . 

Solenoid Kinematics 
A particle of charge q moving through a constant magnetic field B will 

describe a circular helix. The projected radius of the helix is given by 
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PT SPECTRUM 

FOR 
REAL& MONTE CARLO DATA 
I I I I I 
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PT FOR PIONS (GeV/c) 1901A20 

FIG. 1--PT spectrum for pions in real and Monte Carlo events. 
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HELIX TRAJECTORY OF PARTICLE INSIDE SOLENOID BZ 
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FIG. 2--Sketch of helix trajectory inside a solenoid and its XY plane projection, 
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and 

pT R = 33. 36-B in meters (2) 

where P T is the transverse momentum in GeV/c, B is the axial field in kG 

and R is in meters. The angle X0 is the helix pitch (or dip) angle. 

pL 
tan A0 = ‘T pL 

v------- / 
2IL 

P 

170 
pT 

BZ field 
+Z 

The helix trajectory is described by 

AY=Y-Yo=R $I~-; cos h 0 - cos c#l 0 1 
AX = X - X0 = - R [sin /e. - i cos Ao) - sin c$J~] 

(3) 

(4) 

(5) 

S is the threedimensional path length along the helix. 
The trajectory describes a cycloid in the r-z plane and has the following 

equation 

7 r = AX +AY 

r=2Rsin(2RtznAo) 
F-3 

The maximum displacement of the trajectory from the central beam line is 
2R and one complete orbit of the cycloid has 

AZ = n(2R tan ho) 
AZ = a0 PL in meters 

(7) 
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where PL is in GeV/c, B in kG and 

27r x 33.36 
“O= B 

For example, if B = 25 kG, PL = . 5 GeV/c, then the full circle orbit 
would require that AZ be approximately 4 meters. Of course one can meas- 

ure PT and PL with a much smaller arc length. 
One complete orbit in a 25 kG field and a AZ M 75 cm (possible chamber 

spacing) corresponds to PL = 100 MeV/c. That is, particles with PL > 100 

MeV/c will not make multiple orbits between chamber spaced 75 cm or less. 

The A#I angle subtended by the arc in the xy plane (see Fig. 2) has the 
simple expression 

A$ (radians) = (33:36) e 

Figure 3a illustrates this relation between A$ and PL for a 25 kG field, and 
3b shows how the solenoid diameter varies with PT. A 25 kG field x 2 meter 
diameter will t’trapt’ all orbits with PT 2 375 MeV/c. Three XY spark 
chamber planes spaced 75 cm apart (i. e., total AZ = 1.50 m) will subtend an 

arc of about 60’ for a PL = 1 GeV/c particle. 
A more thorough study of acceptance and resolution versus the three 

basic solenoid parameters (field, diameter and length) is made in the 
following chapters. 
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FIG. 3--Solenoid characteristics (a) PL vs arc A@ and 
(b) PT vs solenoid diameter for a full circle. 
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III. ACCEPTANCE 

A. Gap Magnet Acceptance Difficulties 
In the first part of this chapter the acceptance limitations of the one- 

magnet spectrometer are examined. 
The need to measure the momentum of fast particles in counter experi- 

ments has led to the development of bending magnet spectrometers. An 
adequate measurement of the fastest particles means a corresponding 
lengthening requirement on the fore and aft spark chamber lever arms as 
well as a large Bdl for the magnet. This in turn can force one to a very 
large aperture for the gap magnet and downstream chambers. The cost and 
construction problems grow proportionally. 

But, even if one should pursue this line, as soon as one has a many 
particle (more than one) final state, which requires that slow and fast particles 
be measured simultaneously, new problems arise. For example, the accept- 
ance becomes a strong function of the decay angle of the composite system. 
Worse still, one is likely to have zero acceptance or dead regions in the very 
forward-backward decays. This complicates the physics analysis and can 

made it impossible to answer questions such as “what is the partial wave 
composition of a mass enhancement ?I* 

1. Model Simulation 
A Monte Carlo simulation of a one magnet spectrometer illustrates the 

point. Figures 4 and 5 sketch the model and the results. In this model the 
following two reactions are considered. 

n-p-r A;p 
0 7r-p -, p n 

and - A1 + p”$ 

and p” 
+ - 

- =lT2 

PO 
+- 

- *2T3 (i) 

(ii) 

These reactions involve two and three pion final states and are typical of 
other Kp and pp peripheral interactions. The beam momentum values of 8 

and 16 GeV/c are used. 
tfEventst’ simulating the above reactions are generated at the point target 

in Fig. 4 and are traced through the target-gap-magnet regions as shown. 
The events are basically those of phase space with some modifications to make 
them more “realistic I1 . 
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SPECTROMETER MODEL FOR ACCEPTANCE ESTIMATES OF SIMPLE DIPOLE MAGNET 

t- 
2.5 m 1.5 m 

-I 

i------e- 
/- /- --__ 7r- -N 

/R /H /I -- 
/M -- , ---- \ 

l- 

---_ --- --__--c - --- _---- \ lT+ 
GAP FOR 

POINT CHAMBERS ’ AX . AY MAGNET APERTURE 

-r- BEAM -----T 

TARGET B=O MAGNET I l.Om x 0.4 m 
$=I6 kG II I.8 m x 0.6 m 

IU 2.7 m x I.8 m 

COMPARATIVE EVENT ACCEPTANCES AT MAGNET EXIT 

FOR 37r’s IN r-p-A; p 

MAGNET APERTURE SIZE AX-AY 
I(I.0 x0.4) lI(l.8 x 0.6) IlI(2.7 x 1.8) 

8 GeV/c BEAM 0.05 % 3 % 37% 
16 GeV/c BEAM 6 % 23% 75% 

FOR 27~‘s IN r- p--p0 n 

MAGNET APERTURE SIZE AX-AY 
I(l.0 x 0.4) II(l.8 x 0.6) lII(2.7 x 1.8) 

8 GeV/c BEAM 6% 
I6 GeV/c BEAM 40 % 

23% 70% 
60% 9 4 % 

FIG. 4--Acceptance estimates of a simple dipole magnet spectrometer. 
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MONTE CARLO EVENT MASS SPECTRA 

16 GeVk 16 GeVk -rr-p-Ayp -rr-p-Ayp 
I I I I I 

16 GeV/c r-p --f’n 

0.8 1.3 1.8 2.3 0.4 0.9 1.4 1.9 

TTI T; TT~ MASS (GeV/c2) lTy 3-2 MASS (GeV/c2) 

EVENT EFFICIENCY vs MASS SPECTRA 

APERATURES I(I.0 X 0.4m) ICI.8 X 0.6m) II(2.7 X I.8m) 

16 GeV/c 7-r-p-A-p 16 GeV/c r-p +,d’n 

0.8 1.3 1.8 

n-7 -TT.$ TTY MASS (GeV/c2) 

0.4 0.9 1.4 

lTy lT-j MASS (GeV/c 2, 

EVENT EFFICIENCY vs DECAY ANGLES 

FOR A;; -p’=r- IN HELICITY FRAME FOR p” -IT+T-- IN HELICITY FRAME 

16 GeV/c r-p -A-p I6 GeV/c ?~-p -+p“n 

pJl fi-J; [gFY$ i 
-I 0 I -lT 0 lT -I 0 I -l-l 0 li- 

cos e cos e 9 IPOlC2 

FIG. 5--Event acceptance efficiency as a function of mass and decay angle, 
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All the $ angle decay distributions are isotropic and the cos 0 angles for 

Al-+ P randp-. 7rr are also assumed isotropic. (Real p decays, however, 
have a cos2 8 distribution and our assumption will therefore inflate the total 
acceptance estimates. ) 

The following ?-ion-phase-space” modifications are imposed. 
(a) The Ai resonance in reaction (i) has a Breit-Wigner amplitude 

with m. = 1050 MeV/c and 2l? = 200 MeV/c. 
(b) The p” resonance in reactions (i) and (ii) has a Breit-Wigner 

amplitude with m. = 765 MeV/c and 2P = 125 MeV/c. Figure 5 
illustrates what the respective Monte Carlo event mass spectra 
look like. 

(c) The target nucleon is constrained to be peripheral, i. e. , 
,-At x (Phase Space) 

where t is the proton -. nucleon four momentum transfer 
square and A is set to 8 (GeV/c)-2. 

The above conditions help simulate real events and so ensure more 
realistic acceptance estimates. This event generating procedure is used 
extensively in later studies. 5 

The “point target” is 2.5 meters from the magnet entrance. The magnet 
is 1.5 meters long and has a “box shape ‘1 field of 16 kG over its volume in the 
Y direction. That is SB. dl = 24 kG-meters in the model. 

Only the magnet aperture in the XY plane is varied and the three different 
sizes are set at 

I l.Omx.4mforAX.AY 
II 1.8mx.6mforAX.AY 

III 2.7mx1.8mforAX.AY 
Magnet I is of modest size whereas magnet III is quite a goliath. 

An event produced at the target is considered as accepted by the system 
if all its pions 7ry, 7ri, - 71; in reaction (i) and rl, 7ri in reaction (ii) pass into 

and through the magnet without striking its walls. No constraint or test is 
made on the target nucleon. It may be measured but most likely would be 
detected by a missing mass calculation. 

Then, by comparing the target events and the magnet exit events one can 
give an estimate of total acceptance as well as bin efficiencies for mass, 
decay angle, proton t distributions, etc. 
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2. Model Results 
It must be emphasized and kept in mind that our spectrometer model is 

too simple to be a realistic estimate of absolute acceptances for an actual 
experiment. No account is taken of the nonisotropic p” decay, the beam plug, 
target size, spark chamber inefficiencies, losses after the magnet, particle 
decays, etc. To illustrate, Fig. 4 states that the acceptance for aperture 
I of 16 GeV/c 7r-p -.. pan is 40%. Group Bf s experiment E-41 at SLAC , which 
is somewhat similar to this, found it to be about 6%. 

The usefulness of the model is in its qualitative comparison of different 
apertures, beam energies and final states. The absolute acceptance values 
at best are only an upper limit. 

The table in Fig. 4 summarizes the Monte Carlo event acceptances at 
the magnet exit for this very simplified spectrometer model. 

The table shows magnet III to have a 12 times greater acceptance than 
magnet I for 16 GeV n-p -. Alp and 74 times greater acceptance at 8 GeV. 
That is, the aperture size certainly can improve the total acceptance but as 
we shall see it does not solve all the problems. 

Figure 5 illustrates how the acceptance efficiency may vary with the 
mass or decay angle. One observes that at low invariant mass, where there 

is little center-of-mass energy in the break up, the efficiencies are high. 
But they decrease with an increase in effective mass. Aperture I does not 
accept a 37r mass greater than 1.3 GeV/c’. 

The bottom sketches show that the decay angle efficiencies may have 
very extreme fluctuations. There are correlations between the efficiencies 

of cos 0, @, t, mr,, etc., but for ease of presentation these figures show 

only the efficiency projection on one axis at a time. 
The cos 8 curves show a maximum efficiency at 8 = 90’ and a minimum 

at 8 = 0’. That is, decays transverse to the line-of-flight of the parent 

particle have a better acceptance than the longitudinal decays. Even for the 
aperture III curve these 8 = 0’ losses are substantial. It is these events 
that compel one to search for better techniques of measuring the slow and 
fast pion in the same event. 

The + curves are correlated to cos 8 and mirror the box shape of the 

aperture. They do not have a f 180’ symmetry here because the Cp angle 
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refers to only one of the charge pions - and its acceptance is better on the 
magnet side where it is deflected into the magnet center, 

The 8 GeV/c beam momentum curves have not been shown but are 
similar, with a lower efficiency scale. 

In the AI --p On- decay the cos 0 = +l direction corresponds to a forward 
r- or backward p”. This backward p”-- T+T- usually gives a slow pion which 
does not make it through the magnet and so the efficiency for these events 
is very low or zero. The efficiency is changing very rapidly in the +l region 
and this can be a very serious problem when one has to reconstruct the real 
decay distribution. 

The “lost” pions in the above extreme decays have typical lab momentum 

of 250 to 1500 MeV/c and lab production angles of 3’ to 30’ for apertures 
II and III. Even if these particles make it into the entrance of a large aperture 
magnet, the low momentum means they will be swept into the magnet walls. 

3. Real Data 
Since our purpose is to propose a system which will deal with these slow 

particles let us examine them more closely. We turn to real data3 and look 

at 

Figure 6 shows what the Pz momentum component distribution (almost equiva- 
lent to P longitudinal) in the lab frame looks like. About 270/O of all pions have 

a Pz< 1 GeV/c. For the AI mass region it is not quite so high but there are 

still a fair number less than 2 GeV/c. Obviously, the slow pion problem 

becomes much more severe at high masses and this will be looked at later in 
the study. When we refer to “slow particles” in later sections we will imply 
particles with PL 2 2000 MeV/c. 

The proposed solenoid plus gap magnet system which we shall examine 
in some detail, offers a very promising solution to this ffslow particle 
problem. ” 

B. Solenoid System Acceptance Studies 
To study what the particle acceptance characteristics would be for a 

solenoid and dipole magnet spectrometer system, we again turn to a Monte 
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Carlo model. The specific aim is to study the 
1. absolute acceptance, 
2. limiting aperture and 

3. decay angle efficiencies 
when the spectrometer parameters are varied. From this one can minimize 
the solenoid-magnet size yet maintain acceptable efficiencies and have a 
reasonable match of the several spectrometer apertures. 

1. Introduction 
The sketch in Fig. 7 illustrates the spectrometer model used in the 

present study. 
The magnets were assumed to have perfect trboxll shape fields. The 

fringe field problem is not examined in this report. 
Given the above geometry and a Monte Carlo event originating from the 

target, all the charged particles of interest are traced through the solenoid, 
first gap, magnet, and second gap. Checks are then made to see if all the 
particles of interest in the event would pass through the geometrical aper- 
tures to the last spark chamber plane. A test is also made on the tracks 
which failed to get through all apertures to see if an acceptable measurement 
could have been made by the solenoid. 

Knowing the number and type of events generated, one can study the 
acceptance numbers as well as biases from the events which had all their 
tracks measured by the gap magnet or solenoid. 

The acceptance and bias depends on a large number of parameters. In 
this note we hope to get a quantitative estimate on the important ones. 

The parameters are 
(a) the interaction or final state 
(b) the beam momentum 
(c) the target dimensions 
(d) the solenoid length AZs 
(e) the solenoid radius r 
(f) the solenoid field strength BZ 
(g) the solenoid measurement acceptance in AP/P 

(h) the first gap length AZ 
(i) the beam l’plug’t size 

Solenoid 
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(j) the gap magnet length AZM 
(k) the gap magnet aperture &AX and &AY Dipole 
(1) the gap magnet field strength BY 

I 
(m) the second gap length AZ2 
(n) the second gap aperture *AX and tiY 
Not all of the above parameters are given equal weight. One cannot 

hope to minimize the cost and build a completely general system for all 
reactions at all energies. In addition, the computer time and study time 
become prohibitive if one is to exhaust all the parameters. 

2. Parameter Comments 
(a) Final state 

The reaction used to test the acceptance is 
+ T-+ 7rp-+7r7r7rp 

Nothing is done with the proton and an ‘*acceptedfl event is defined as one 
where all three pions could be measured. The analogous Kp and pp reactions 
would have similar criteria. 

Two separate studies are considered. First, a detailed look when the 
three pions come from an A1 -. pi and p -. KIT cascade reaction and so rn(rrn) 
is in the 1 - 1.5 GeV/c2 mass region. This is called the f’low mass” study. 
Secondly, we remove the intermediate Breit-Wigner constraints and look at 
the higher mass events. 

In every case, care was 
simulated the real world. 

Particular attention was 

taken to be sure that the Monte Carlo events 

given to the PT distributions. The SLAC 

16 GeV/c data np -. nnnp was used for comparisons. 

(b) Beam momentum 
The n+ beam momentum was varied from 8 to 20 GeV/c (the present 

SLAC range). It turns out that the 3 pion acceptance problems at 8 GeV/c 
are mostly in aperture size but at 16 GeV/c the beam plug losses become 
substantial. Most of the study was done at 16 GeV/c. 

(c) Target 
The target dimensions are fixed at 4 cmx 4 cm x 50 cm in total length 

for AX, AY, AZ. The target is inside the solenoid and centered along its 
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Z axis. The vertex or reaction origin is picked at random in this volume. 
A small pencil target and possibly the track pattern recognition will improve 
the acceptance. 

(d) Solenoid AZ 
The solenoid length was fixed at 3 meters. This allows for 3 or 4 spark 

chamber planes inside it. The solenoid momentum resolution goes as 

(PL/AZj2. That is, if one wishes to measure higher momentum tracks in the 
solenoid, the length should be increased. 

(e) Solenoid r 
The solenoid radius was examined at r = .5 m, .6 m, .75 m, and 1.0 m. 

The solenoid event acceptance depends on this radius, but also and more 
important, on the beam momentum (at low invariant mass). For example, at 
8 GeV/c and masses < 1.5 GeV, only in 29% of the events do the 3 pions exit 
from the solenoid if r = ,5 m. At 20 GeV/c this is 80 percent. 

Most of the study was done with r = 75 cm and r = 100 cm. This approx- 
imate aperture size seems practical and collects sufficient low momentum 
tracks from 8 to 20 GeV/c. If the BZ field of 25 kG is not used, an aperture 
change should also be considered. 

(f) Solenoid B Z 
The nominal BZ = 25 kG was used as the proposed value. BZ = 15 kG 

and 50 kG are also examined. 

(g) Solenoid AP/P 
For each track which does not pass through the gap magnet and its spark 

chambers, a check is made to see how accurately the solenoid could have 
measured it. (A detailed resolution study is done in the next chapter and the 

following equations are discussed there. ) 

2 
APE AS ‘L 
P % P AZ2 T 
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and assuming AS = f .5 mm for the spark accuracy we get 

9 (in %) NN .01625 
2 

pL 
BZPT AZ 2 

(with PL and PT in MeV/c, BZ in kG and AZ in meters). 
One then defines a particle as measurable in the solenoid if 

(I) it exits through the solenoid and 

(2) AP/P< N% . 
Most of the results shown here set N= 1%. That is, we require that 

the solenoid measure the momentum to within 1%. (Some cases with N= 5%, 
3%, 3/4%, and l/2% were studied.) 

(h) First gap AZ 
The gap between the solenoid and the gap magnet is intended for possible 

spark chambers. The gap length was set at AZ = 1 meter or at AZ = 2 meters. 
The longer this gap, the larger the gap magnet aperture must be to accept 
the same number of diverging track trajectories. The AX and AY aperture 
limits are set equal to the opening in the gap magnet and thus the “GAP” 
losses are really due to the AX. AY size of the entrance to the magnet. 

(i) Beam plug A0 
It is assumed that the r+ beam trajectory must have a rtplug” through the 

gap magnet, This dead region is here defined as a &A6 cone centered on 
each beam track. A0 = tan-’ (PT/PL) by definition. A A0 = 30 milliradians 
was the nominal setting. This corresponds to rt12 cm at a distance of 
4 meters from the target and is a liberal estimate for our 4 x 4 cm target. 
A A&’ = 0, 15, and 50 milliradians was tried. This f’plug” was assumed to 
be located at the entrance of the gap magnet. 

The A1 decay events with a track hitting this plug are substantial at 
16 GeV/c and cause decay efficiency losses in preferred directions, (The 
forward cone nature of very high energy reactions is illustrated by the fact 
that at 60 GeV/c for example, 80% of the A1 type of events are lost in a 
A0 = 30 mrad plug. ) 

The one 7r- track was assumed to be always separable from the beam 
cone. In the high mass study this beam plug constraint was removed. 
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(j) Magnet AZ 
The magnet length was fixed at 2 meters. 

(k) Magnet aperture AX and AY 
One of the primary objectives of this chapter was to see what the large 

magnet aperture would have to be to match it with the measuring power of the 

solenoid. 
Therefore the acceptance (i. e., percentage loss) tables show three magnet 

aperture sets. They are: 
*Ax* rtAY=l.Ox0.5m 
AAX- &AY = 1.0 x 1.0 m 
=tAx* *AY=1.5xl.Om 

By looking at the event losses as a function of aperture size and in 
particular at the fraction lost in the 1st gap or magnet aperture one directly 
sees how the magnet matches the solenoid and plug losses. 

(1) Magnet By 
The gap magnet B field was set to 15 kG and a check made to see what 

effect 20 kG would have. Since AZ = 2 m, the B l 1 E 30 kG-m for most of 

the study. 

(m) Second gap AZ 
The second gap length, from the magnet to the last spark chamber was 

fixed at 4 meters for the Al study and 3 meters for the high mass events. 

(n) Second gap AX, AY 
This constitutes the last aperture of the system and it was set at 

& 2.5 x f 2.0 meters, except for one run where it was varied from 2 x 1 to 
4 x 3. 

3. Solenoid Geometry and Acceptance 
Solenoid geometry 

The solenoid’s purpose is to analyze the “low” momentum particles. 
Its acceptance, however, at low momentum, is very sensitive to the PT vs 

PL spectrum of the particles, the field BZ and aperture r of the solenoid. 
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Figure 8 illustrates this point. It shows the PT vs PL loss-acceptance 
boundary for several solenoid geometries. This curve follows from 

r = 66.72 

where r is the radius of the particle’s trajectory inside the solenoid, meas- 
ured from the origin on the beam axis. PT and PL are the particles’ trans- 
verse and longitudinal momenta, B and AZ are the field and solenoid length. 

Figure 8 shows that a 50 kG solenoid has the very ideal characteristic 
of trapping almost every particle (with P < 525 MeV/c) whereas a 25 kG sole- 
noid will lose particles with PT > 300 MeV/c and PL < 1500 MeV/c. 

This figure also emphasizes the importance of having a very Qealisticll 
PT vs PL spectrum in the Monte Carlo events for an evaluation of the sole- 
noid. 

Figure 9 shows the r spectrum of the Monte Carlo events used in our 
analysis for 8 and 16 GeV/c, np --) Ap. It is this spectrum which determines 
the solenoid losses. We have defined a l’lossl’ here as the case when the 
particle does not get through all chambers. In practice one may be able to 
relax this. 

It follows that at lower beam values, and higher masses, the solenoid 
field BZ and aperture size become more critical because of the lower PL 

spectrum of the particles. For a lftotallyf’ trapping solenoid (e.g. , 50 kG 
and R = 1 m) there would be very little acceptance variation with beam 
momentum. 

A solenoid with BZ = 25 kG, diameter D = 2R = 2.0 meters and length 

AZ = 3 meters is observed to have fairly good acceptance as well as AP/P 
resolution for the Monte Carlo samples studied. 

The A2(P - P) efficiency is also reasonable out to 0.6 (GeV/c)2 at 

16 GeV/c. The acceptance is dropping and about 10% at 0.6. The larger 
A2 were not examined in this study. Figure 15 illustrates the efficiency 
vs A2. One should remember that the A2= 0 region would have losses due 
to a beam plug (Fig. 15 assumes no plug). 
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FIG. 9--A typical distribution of maximum pion radius inside the 
solenoid, from pions in q -. n~zp (A, region). 
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4. Decay Efficiencies 
Besides improving the total event acceptance of the system, the solenoid 

also plays the very important role of filling in “dead regions” for the decay 
distributions. 

Figure 13 illustrates how the “with solenoidl’ system fills in the 
cos 0 =*l region. This should make spin parity and partial wave decompo- 
sitions much easier. 

Figure 14 shows the mass dependence of the cos 8 curves. The event 
totals used were small and one should not take the detail shapes very seriously. 
The important point is that it be nonzero throughout, even at high masses. 

C. Low Mass Acceptance (rn(rr$ < 1.5 GeV/c2) 

1. Solenoid AP/P Resolution 
Due to the large number of low momentum particles, the number of 

particles versus solenoid AP/P resolution spectrum appears as shown in 
Fig. lob. There are more particles from 0 - 1% than from 1 - 2%, and so 
on from 2-3x, etc. 

In Fig. 10a one sees the lab momentum spectrum of those pions which 
do not make it through the gap magnet system and so must be measured in 
the solenoid. The < 1% spectrum does not go much past 2 GeV/c and thus 
these particles should be measurable with AP < f 20 MeV/c in the solenoid. 

2. Solenoid PT Rotation 
Because of our perfect axial B field assumption, the 8 angle, defined by 

tan 19 = PT/PL is not at all affected in our solenoid field model. The fringe 

field Br component will disturb the PT/PL ratio and should be considered. 
The azimuthal angle c$, defined by tan C$ = PY/PX will be changed by the 

solenoid. Figure 11 illustrates the A@ spectrum. That is, even the fast 
tracks will experience a A$ rotation of the order of 5 -40’. 

3. First Gap Length 
The solenoid-magnet gap length should be 1 to 2 meters long if we are 

using the “small” magnet. The intermediate and large magnet are more 

tolerant and a 3-meter (or larger) gap length could be acceptable. 
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FIG. 12--Acceptance efficiency vs the three pion mass (up to 4 GeV/c) and a 
comparison with the no solenoid system. Also shown are its vari- 
ation with beam momentum and gap magnet size. 
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FIG. 13--Same as Fig. 12 but with acceptance efficiency vs the decay angle cos 8. 
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At 8 GeV/c the loss in the first gap will vary from l/2% to 40% depending 
on the AX, AY, and AZ dimensions. At 16 GeV/c the same losses range from 
l/2% to 27%. These numbers are found in Table I. 

However, whether the loss is 1/20/o or 40% the decay cos 8 distributions 
for the events measured by the solenoid-magnet system is still good. 

4. Magnet Aperture 
Table I shows the following gross characteristics. 
(a) A 3 m x 2 m magnet has almost the acceptance of a 2 m x 2 m 

magnet. The larger magnet acceptance may be improved by 
about 5% if one uses larger back chambers. 

(b) The 2 m x 1 m magnet acceptance is about 15% lower than for 
the above larger magnets. It still has a respectable 30 -45% 
acceptance. 

Lines 17 - 20 in the table demonstrate how acceptance and losses fluctuate 
with magnet changes. The magnet loss increases by about 5% as By is 
raised from 15 to 20 kG. The geometrical losses of AY = 2 m - 1 m are 
seen to be much more drastic than the small sweeping loss change in 
AX=3m-2m. 

5. Plug Losses 
The 30 mrad beam plug causes a 21% acceptance loss. If there was no 

plug, the solenoid-large magnet system would have an acceptance increase 
of 17%. That is, almost all of the t’plugtl losses are measurable events. 

This is not quite the case for the no-solenoid system. About half the 

events with a very fast track also have a slow track which then is missed. 

6. No-Solenoid System 
Table II shows that the event acceptance is reduced by about a factor of 

two at 16 GeV/c when one takes out the solenoid magnet. At 8 GeV/c the 

reduction is a factor of 10 or worse. 
The conclusion is that without the solenoid, and even with a large magnet, 

at 8 GeV/c the three-pion acceptance is very small (about 5%). With the 

small magnet it is essentially zero. 
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TABLE I 
ABSTRACTED SUMMARY OF ACCEPTANCES FOR SOLENOID MAGNET SYSTEM 

Mass (nxn) < 1.6 GeV 

Sys tern Parameters 

1. 16 GeV: BZ = 25 kG, r = 75 cm 

AP/P < l%, AZ, = 1 m, 

A0 = 30 mrad, BY= 15 kG 

Changes from 1 . . . . . . . . 

2. 8 GeV/c beam 

3. 12 GeV/c beam 

4. 20 GeV/c beam 

5. BZ = 15 kG in solenoid 

6. BZ = 50 kG in solenoid 

I. AP/P < l/2% in solenoid 

a. AP/P < 3% in solenoid 

9. No solenoid measurement used 

LO. r = O. 50 m in solenoid 

11. r = 1. 00 m in solenoid 

12. AZ=2minGapl 

13. AZ = 3 m in Gap 1 

14. A0 = 0 mrad, beam plug 

15. A0 = 15 mrad beam plug 

16. A0 = 50 mrad beam plug 

17. BY = 20 kG in magnet 

18. &AX- +AY = lx l/2 m in magnet 

9. *AX- *AY = l&x l/2 m in magnet 

10. ia. +AY = lax 1 m in magnet 

Ideal System With 

:l. BZ = 50 kG, By = 20 kG, 

A6 = 5 mrad 

A. ‘qSmall’q Magnet Aperture B. ~~Medium” Magnet Aperture C. “Large” Magnet Aperture 

iAX* AY =i 1 m* l/2 m. *AX-AY=*lm’lm. ia-AY=+i&m- lm. 

T % 
hcceptancf 

Percent: Losses it % 
icceptancc 

36% 9% 13% 17% 22% 4% 52% 

27% 25% 

33% 13 

37% 7 

27% 12% 

57% 3 

27% 9 

60% 9 

17% 9 

29% 27 

39% 3 

29% 9% 

23% 8 

49% 9% 

45% 9 

21% 9 

31% 9% 

36% 9 

36% 9 

53% 9 

24% 
17 

10 

17% 
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16 
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18 
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15 

27% 
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11 
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TABLE II 

Acceptance for Solenoid System vs No Solenoid System 

(Assume 25 kG. 3mx . 5m solenoid, 15 kg. 2m n: 

Sys tern Parameters 

16 GeV/c 

- 

% 
cceptancc 

1st Gap = lm. 

Small magnet AX. AY = *l x l/2 
1. AP/P < 1% in solenoid 

2. AP/P < 3% in solenoid 

3. NO SOLENOID 

Large magnet AX, AY = + 16 x 1 
4. AP/P ~1% 

5. AP/P ~3% 

6. NO SOLENOID 

1st Gap = 2m. 

Small magnet AX- AY = *lx l/2 
7. AP/P < 1% 

8. AP/P < 3% 

9. NO SOLENOID 

Large magnet AX. AY = *li x 1 
LO. AP/P < 1% 

11. AP/P ~3% 

12. NO SOLENOID 

8 GeV/c 

36% 

60% 

17% 

53% 

69% 

33% 

29% 

53% 

16% 

50% 

69% 

36% 

1st Gap = lm. 

Small magnet h 1 x l/2 
13. AP/P < 1% 

14. AP/P ~3% 

15. NO SOLENOID 

Large magnet kl 
16. AP/P ~1% 

17. AP/P < 3% 

18. NO SOLENOID 

1st Gap = 2m. 

Small magnet *l 
19. AP/P < 1% 

20. AP/P ~3% 

21. NO SOLENOID 

ix 1 

x l/2 

Large magnet *13 x 1 
22. AP/P < 1% 

23. AP/P ~3% 
24. NO SOLENOID 

pet, A 0=30 mrad, 5mx4m S. C. ) 
Percentage Losses in 

Sol. 

9% 

9 

X 

9 

9 

X 

9 

9 

X 

9 

9 

X 

Gap 1 

13% 

7 

40 

-- 

-- 

10 

27 

16 

54 

2 

1 

18 

27% 25 24 

69% 25 3 

l/2% X 87 

45% 25 

.69% 25 

5% X 

24% 25 

72% 25 

0% X 

44% 25 

73% 25 

4% X 

-- 

-- 

41 

40 

2 

95 

3 

-- 

59 

w 

Plug 

17% 

17 

15 

21 

21 

21 

13 

13 

3 

21 

21 

5 

3 

3 

1 

5 

5 

4 

-- 

-- 

-- 

1 

1 

2 

Mag. zap 2 

22% 4% 

7 -- 

25 4 

4 13 
-- 1 

20 16 

21 2 

9 1 

25 2 

7 12 
-- 1 

25 16 

20 
-- 

12 

14 
-- 

39 

10 
-- 

5 

19 

-- 

31 

1 
-- 

-- 

11 
-- 

11 

-- 

-- 

-- 

7 

-- 

5 

1 
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7. Ideal System 
Line 21 in Table I suggests that if we could get a 50 kG solenoid and have 

very small beam plug (5 mrad), the acceptance figures would be 70% or better 
and there would be little need for a large magnet (in this final state). 

8. Limiting Apertures 
If we define the limiting aperture as the spectrometer component where 

substantial event loss (2 20%) takes place, then the conclusions are: 

ltLimiting aperture!’ 
a. solenoid 
b. 1st gap 

C. plug 
d. magnet 

--L Conditions 
if r 5 .50 meters or if p < 8 GeV/c for beam 
if AX, AY small and P 5 8 GeV/c 
if AX, AY small and AZ > 2 meters - 
if > 16 GeV/c and A0 > 20 mrads - 
if AX, AY small and AP/P 5 1% 

D. High Mass Acceptance 
We now examine the solenoid-spectrometer acceptance efficiencies of 

37~ masses up to 3 - 4 GeV/c’ at 8 and 16 GeV/c beam momentum, The pre- 

vious comments referred to 37r masses as high as 1.5 GeV/c’. This division 
in mass is somewhat artificial and is mainly the result of a different Monte 
Carlo procedure in the event simulation. 5 

The very dramatic effect of the solenoid is shown in Fig. 12. Even a 
large gap dipole magnet ( 3 m x 2 m) is helpless at high masses 
jm(nT$ > 1.8 GeV/c) without the solenoid as a vertex detector. 

That is, the aperture burden shifts very sharply from the gap magnet at 
low masses to the solenoid at high masses. 

Table III summarizes the acceptances for the small aperture (2 m x 1 m 
total AY . AY) gap magnet. It is acceptable if coupled to the proposed sole- 
noid. A minimum solenoid of 25 kG x 2 m diameter is recommended from 
this high mass study because a 1.5 m solenoid would have a very high loss 
rate at large masses. 

At high masses about 40% of the events have a pion with Pz 5 0 (i. e. , 
backward) and so is an automatic loss in our acceptance definition. This 
becomes the largest single main loss. Tables III and IV examine the sole- 
noid losses more closely. 
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TABLE HI 

Abstracted Summary of Acceptances for Solenoid Magnet System vs 7rr1~ Mass 

% 1 
Accept-, Percentage Losses in 

System Parameters ante Sol. GaP 1 Plug Mag. -P 2 

1. 16 GeV: BZ =25 kG, r=lOO cm 
AP/P cl%, AZ, = 2m, 
A0 = 0 mrad, By = 15 kG, 
*AX. AY = 1. 1/2m. Mag. Aperture 

Low Mass < 1.5 GeV/c 58% 0% 14% X 26% 2% 

Med. Mass 1.5 - 2.5 55% 19% 23% X 4% 0% 
High Mass > 2.5 21% 73% 5% X 0% 0% 

2. 8 GeV: BZ = 25 kG, r = 100 cm 
AP/P cl%, AZ1 = 2m, 
A0 = 0 mrad, BY = 15 kG, 
*AX. AY = 1. l/2 m. Mag. Aperture 

Low Mass c 1.5 44% 2% 40% X 13% 1% 
Med. Mass 1.5 - 2.1 32% 43 25 X 0 0 

High Mass > 2.1 12% 81 7 X 0 0 

LARGER SOLENOID 
3. Sol, = 125 cm, rest as in 1. 

16 GeV High Mass > 2.5 35% S4F% 8% X 0 0 

8 GeV High Mass > 2.1 22% 65 12 X 0 0 

LARGER MAGNET 
4. Mag +AX. AY = 13 . 1 m, rest 

as in 1. 
16 GeV Low Mass < 1.5 87% 0% 0% X 4% 10% 

8 GeV Low Mass < 1.5 73% 2 4 X 12 9 

AP/P LARGER 
5. AP/P < 3% in solenoid, rest as 

in 1. 
16 GeV Low Mass 87% 0% 2% X 10% 1% 

Med. Mass 72% 19 7 X 1 0 
8 GeV Low Mass 86% 2 8 x 3 0 

Med. Mass 50% 43 7 X 0 0 
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TABLE IV 
Solenoid Losses vs Z Axis Length 

Target parameters 4 cmx 50 cm 
Solenoid parameters 25 kGx 100 cm (radius) 

Event Sample 
and 7r7rr masses 

16 C&V/c Med. Mass (1.5-2.5) 

16 GeV/c High Mass (? 2.5) 

8 GeV/c Med. Mass (1.5-2.1) 

8 GeV/c High Mass (> 2.1) 

Total Loss at Z = (due to P, distributions) 
u 

I I I I 

.5m 1 l.Om ( 1.75m 1 2.25m 1 ;;; 

1% 1% 2% 8% 19% 

38% 48% 64% 69% 73% 

8% 9% 20% 30% 43% 

43% 58% 74% 78% 81% 
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E. Conclusions 
1. The solenoid-magnet system studied here has an event acceptance 

range 17% to 80% for the A- 7rr711~ mass region. 
2. We find that the solenoid is absolutely essential for acceptances of 

masses above 1.8 GeV/c’. 
3. A minimum solenoid of 25 kG x 2 m diameter is recommended. 
4. The small aperture (2 m x 1 m total AX . AY) gap magnet is 

acceptable if coupled to the proposed solenoid. 
5. Without a solenoid, there are serious dead regions in cos 8 = *l for 

the decays. The solenoid helps fill these in. 
6. A good solenoid (> .75 m and BZ > 25 kG) does reduce the large - 

aperture need of the big magnet. The solenoid increases the overall system 

act eptance . 
7. A large solenoid field is a more important parameter than the sole- 

noid aperture. The field adds to acceptance and resolution, the latter mostly 
to act eptanc e . 

8. The beam t’plug’l losses are appreciable above 16 GeV/c if the plug 
is more than * 20 mrad. This is a problem independent of the solenoid and 
magnet. 
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IV. TRACK RESOLUTION INSIDE THE SOLENOID 

To help evaluate the potential usefulness of the solenoid further we now 
address ourselves to some other specific questions. They are: 

What momentum resolution can we expect in PT, PL, and P for 
tracks measured inside the solenoid? 
How does the resolution vary with PT, PL, and the solenoid field 
B and length Z ? 
What would a realistic BZ and Br field map look like for the 
solenoid ? 
How does this compare with the “box field’! approximation in the 
fitting for PT and PL? 
What does the azimuthal uncertainty A@ do to the mass resolution? 
Additional questions should also be considered. The effect of the least 

squares fitting to the vertex, the solenoid fringe field integration for fast 
tracks and the multiple scattering in the target and chambers are some 
examples, but they are not examined in this report. 

A. Momentum Resolution 

1. Procedure 
The following procedure was used to find the momentum resolution of 

typical trajectories. 
A particle with fixed PT and PL was traced through a fixed and uniform 

BZ magnetic field of a solenoid. The X and Y intercepts of this trajectory 

were found at Z values corresponding to spark chamber planes. Next the 

exact X, Y, and Z intercept points are displaced from their true value. This 

displacement is given a random but Gaussian distribution. The width of the 

Gaussian is called the “spark accuracy. 71 
The new set of points are then fed into a least squares circle fitting 

routine’ and the fitted radius R then gives a “measured” PT. 
Transverse momentum resolution is defined as 

APT = PT(original) - PT (measured) . (9) 
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The longitudinal momentum PL is found from 2 consecutive planes via 

pL z. z. -ZZ -=- 
‘T A R4 

zO = spacing between planes along Z axis, A$ = angle subtended by arc in XY 
plane between the same 2 planes. The lymeasured” PL is then taken as the 
average 

N-l . 

PL== i=l pz 
N-l (11) 

N = the number of planes (N-l arcs). The overall momentum is P = m PT+PL 

AP = P (original) - P (measured) . (12) 

2. P Resolution Comments 
The orthogonal variables PT and PL are measured directly and from this 

one can calculate the dip angle A and the total momentum P. 
PT is measured by the radius of the circle in the XY plane. Its accuracy 

thus depends on the value of the spark uncertainty dx and dy, the field map 
uncertainty dB and the multiple scattering. It does not depend on the dz un- 
certainty of the chambers (insofar as B and dB do not). 

PL is determined from the measured PT value and from the spark chamber 
separation AZ. Thus it has errors from two sources, from dPT and from dz. 

3. PT Resolution 
For the moment let us assume that the solenoid B field is well known and 

that the only error in the determination of PT comes from R. The following 

algebra derives the resolution dependence 

1 
PT=%BR 

For the arc fitting procedure in the XY plane 

(13) 

R&+; 
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where C = the chord length, S = the sagitta of the chord 

_- 
lF- C=r= X +Y 

pT 

For small arcs in the XY plane (i. e., PL> PT) we keep only the first term 
in (14) and expand sin a! w a! in (15) to obtain 

8a0 PL 2 
PT=B 7 s [ 1 (16) 

and thus the error dPT varies directly as the sagitta uncertainty dS. The dS 
uncertainty should be approximately equal to the spark uncertainty in the XY 
plane. 

The dPT dependence on B, PL, Z and dS, given by Eq. (16)) has also been 
verified with a Monte Carlo simulation. The results are listed in Table V. 
The listed ~fra for the momentum resolution are found by visual fits to the AP 
histograms and so are only approximately exact. 

The first line in Table V illustrates a typical value of -f 3 MeV in dPT 
when P T = 300 MeV, PL = 1500 MeV, in a solenoid with length AZ = 2.5 meters, 
field B = 25 kilogauss and a spark jitter of rt 1 mm in the X and Y directions. 
That is dPT/PT is found to be 1% for these representative parameters. 

The other lines in Table V show how dPT then varies as the parameters 
are changed. 

It turns out that the momentum resolution is not very sensitive to the 
number of planes. Six planes and three planes over the same solenoid length 
give essentially the same resolution. Lines 9 and 10 in Table V show that by 
doubling the number of planes (3 planes in line 9 and 6 in 10) we improve dPT 
by about 20%. It may go as $- N, where N is the number of planes. Because of 
this weak dependence, only the 6 plane data (except for line 9) is shown in 
Table V. 

In a real experiment one gets several sparks per spark chamber and there 
then is a pattern recognition problem in the XY plane. Any 3 sparks can define 
an arc and by having some redundancy in the sparks (say 4 planes) the pattern 
recognition should be easier. This problem is examined in more detail in 

Chapter V. 
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TABLE V 

SOLENOID AP RESOLUTION 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Particle 
Momentum 

‘T ‘L 
PV t-v) 

. 3 1.5 

. 3 1.5 

.3 1.5 

.3 1.5 

.3 1.5 

.3 1.5 

.3 1.5 

. 3 1.5 

. 3 1.5 

. 3 1.5 

. 3 1.0 

. 3 0.5 

1.5 1.50 

.3 1.50 

INPUT 
B Field 
Length 

2.5 25 1 0 3 NM 

2.5 50 1 0 1.6 10 

2.5 25 .5 0 1.6 10 

2.5 25 0 2 0 1.6 

2.5 25 0 6 0 5 

2.5 25 1 6 3 NM 

5.0 25 1 0 <l NM 

1. 25 25 1 0 13 NM 

1.0 25 1 0 26 NM 

1.0 25 1 0 20 NM 

2.5 25 1 0 1.5 NM 

2.5 25 1 0 Cl NM 

2.5 25 1 0 4 NM 

2.5 25 0 6 0 3 

AZ B 

P-4 W) 

S. C. Resolution Momentum Resolution 
dx=dy dz APT APL AP 

+xr Ib 

(mm) P-a 

OUTPUT 

19 

10 

10 

1.6 

5 

20 

5 

76 

150 

120 

6 

.7 

38 

3 

1P/P 

% 

1.5 

.6 

.6 

.l 

. 3 

1.3 

. 3 

5 

10 

8 

6 

.l 

2.5 

2.5 

(NM for not measured directly) 
*3 chambers along Z axis 
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4. _p L Resolution 
The longitudinal momentum is easily found via 

pL z -=- 
‘T A 

Z is Z axis length in solenoid, A is the arc length in XY plane 

pT PL=A. z 

Thus if there was zero error in PT, dPL would depend directly on dZ. On 
the other hand, if dZ = 0, dPL varies with dPT 

dP L z pL -M-Z- 
dPT A ‘T 

Table V illustrates both dependencies. Unless dZ is very large in comparison 
to dS (2 6 times) or unless PL is small, the dominant contribution to dPL 
comes from dP T. The table bears this out. 

In addition to dpT and dPL the table shows what the corresponding total 
dP is and also expresses this as a percent error in P. 

The overall conclusion is that the results look extremely good for AP/P 
and a 3 m x 25 kG type of solenoid. 

Another interesting feature is that if one should desire to use the solenoid 
for high energy particles, say 10 GeV, simply scale the length accordingly 
(3 x 10 = 30 meters) and one can in principle maintain the same AP/P accuracy. 

B. Solenoid Field Map 

To get some idea on how a more realistic solenoid field map would look, 
one can construct a typical coil geometry and integrate the BZ and Br values 
throughout the solenoid volume. Figure 16 shows such a coil geometry. 7 

Three 25 cm wide gaps are shown for the spark chambers. The corresponding 
BZ map inside the .8 m x 3.0 m plane of r-z and the Br map are shown in 
Fig. 16. 
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.- 

SOLENOID COIL GEOMETRY 

II0 - 

05 - 

00 - _, 
14 

COILS I- 9,14 8,000 ampere/cm* 
COILS IO-13 4,000 ampere/cm2 

CL 
SC, SC2 SC3 

A 

BEAM TARGET 25cm %z 25cm 
0 t I - p”“i”‘/;l I ! I I I I I 

-50 0 50 100 150 200 250 300 

Z AXIS (cm) 

1 

1 

BZ FIELD MAP (IN kc) INSIDE SOLENOID 

x 0 20 60 100 140 180 220 260 300 

80 25.70 23.56 25.19 22.96 27.58 24.52 22.80 31.67 23.85 

60 26.17 24.92 25.02 24.63 25.62 24.78 24.71 21.98 22.52 

40 25.54 25.17 24.94 24.96 25.37 24.91 25.16 26.02 21.36 

30 25.26 25.14 24.95 25.01 25.28 25.02 25.22 25.45 20.99 

20 25.05 25.11 24.96 25.03 25.24 25.06 25.23 25.08 20.74 

10 24.93 25.06 24.97 25.04 25.21 25.08 25.22 24.81 20.60 

0 24.89 25.07 24.91 25.05 25.20 25.08 25.22 24.80 20.55 

Br FIELD MAP (IN kG) 

m&Gil =1 =2 =3 

80 -3.40 -.a1 .06 .ss -1.11 .52 .42 2.85 -12.30 

60 -.74 -.51 -.06 .39 -. 21 -. 11 .59 -.12 -6.54 

40 .os -.16 -.04 .16 -.04 -.Ol .28 -.65 -3.61 

30 . lS -.06 -.03 . 10 -.02 -.04 .17 -.59 -2.56 

20 18 -.02 -. 02 .06 -.Ol -.02 .os -.44 -1.64 

10 .lO .o -.Ol .03 .O -. 10 .04 -.23 -.Rl 

0 .O .O .O .O .O .O .O .O .O 

lnnlr 

FIG. 16--A typical solenoid coil geometry for a superconducting 25 kG field 
and field map B 
r inside solenoi 3 

vs Z and r inside solenoid; field map Br vs Z and 
. 
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The Bz = 25 kG is within 1% for the first 10 cm around the solenoid axis. 
Near r= 80 cm the Bz nonuniformity is of the order of 10%. This field map 
assumes no iron shielding - and therefore is not reliable in a fringe field 

study. 

C. Real Field Versus Box Field 
Given the usual Monte Carlo events generated at the target, it is very 

easy to integrate the pions through the solenoid by two different procedures 
and then compare the results. 

Procedure A is the ideal box field approximation we have been using. 
Procedure B is the more “exa&’ or realistic approximation. It uses a 

field map determined from the above first guess at the real coil configurations 
and then integrates each track. 

A typical distribution showing the difference in PT for the two procedures 
and for slow pions is illustrated in Fig. 17. It has a reasonable fit to a 
gaussian and gives I = 0.85 MeV. This fit is summarized in line 1 of 
Table VI. B. By f’slowlf pions here one means P < 1 GeV/c and the integration 
is taken through AZ = 2.5 m to the 3rd spark chamber. The other lines in 
this table correspond to similar fits for different momentum pions. The very 
interesting point is that even for slow pions, which are swept out to the edge 
of the solenoid and whose momenta must be measured by the solenoid, a box 
field approximation to the field reproduces the PT to within 1 MeV, 
APz M . 25 MeV, and AX at the 3rd spark chamber to within 1.2 mm. 

All differences are reduced if we look at the 2nd chamber values 
(Table VI. A). 

The PT rotation angle uncertainty d$ M 20 mrad for slow pions corre- 
sponds to a maximum invariant mass width of about f 2 MeV and thus is not 
disastrous. 

In practice one can certainly use a 2, 3, or 5 connected “box” integrations 
through the solenoid and thus reduce the above differences. 

The fast tracks, which do not usually get past r = 20 cm from the solenoid 
axis have a very uniform field and so have excellent results for the box approx- 
imation, e. g. , Ax M -+ .03 mm for the spatial deviation. This is certainly 
within any possible resolution. 
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APT= (PT)Box- (PT)EXACT FOR “SLOW” PIONS 

16 GeVk rp-mrrp 

-4.5 -3.0 -1.5 0 1.5 3.0 4.5 

~PJ- AT Z= 2.5 meters (MeV/c) 
l90lA13 

FIG. 17--Solenoid PT resolution for slow pions in 16 GeV/c np - nmp. 
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TABLE VI 

RESOLUTION HALFWIDTHS DUE TO SOLENOID 
BOX FIELD APPROXIMATION 

tr from txBOX - XEmCT)) 

A. At Z = 1.5 m (2nd Spark Chamber) 
r 

zi?isgz (ST) _ 
A. P>lGeV 0.10 

B. 1-2 GeV 0. 05 

C. 2-4 GeV 0. 02 

D. P>4 GeV 0. 01 

4cp 
(mrad) 
5.21 

1.96 

0.95 

0.43 

A8 1 
(mrad) (mm) 

0.63 0.29 

0.22 0.10 

0.07 0.03 

0.02 0.01 

B. At Z = 2.5 m (3rd Spark Chamber) 

A. Slow Pions 0.27 0.85 0.85 18.80 18.80 1.68 1.68 1.16 1.16 1.76 

B. Med. Pions 0.16 0.75 0.75 7.46 7.46 0.56 0.56 0.41 0.41 1.00 

C. Med. Pions 0.05 0.36 0.36 3.30 3.30 0.13 0.13 0.13 0.13 0.51 

D. Fast Pions 0. 01 0.20 0.20 1.30 1.30 0.03 0.03 0. 03 0. 03 0.27 

I I I 

1 
Ar 
(mm) 
0.68 

0.41 

0.28 

0.15 
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Figure 18 sketches the A$, 8 and r = X2 + Y2 variable distributions - 
for which Table VI. B lists the reconstruction “errors. I1 

Note that event the fast tracks are rotated through a $I angle of 5’ - 25’. 
(Bottom-left sketch in Fig. 18. ) 

Conclusions 
1. It appears that our simplifying approximation of a box field (Bz = 

25 kG, Br = 0) inside the solenoid is a very good approximation to a real coil 
field and a step wise integration through it. It is best for the fast tracks 
which only see the very uniform field near the center axis. This means that 
lengthy “tracking” inside the solenoid is unnecessary and should minimize 
the computing needs. 

2. The following few figures illustrate and summarize how the B = 
Z 

25 kG, Br = 0, one-step integration compares with a 4th order Runge-Kutta 
integration through the real field map. The track path length used is 
z M 2.5 meters (i.e., from target to third spark chamber). 

Halfwidths for @BOX - xEXACT) = 
AP AP 
Me; 

A@ ae 

MeV mrad mrad mm 

A. Fast tracks (I? > 4 GeV) .Ol .2 1. 3 .03 .03 

B. Medium tracks (1 - 4 GeV) .11 .6 6.0 .4 .3 

C. Slow tracks (< 1 GeV) . 27 .9 19.0 1.7 1.2 

D. Some de Comments 
The BZ (axial B field) of a solenoid, which rotates the PT (transverse 

momentum) of the particles, can introduce substantial A$ errors in the recon- 

struction of Px and Py at the vertex 

Px= PT cos q 

Py = PT sin 4 

The error f d$ may be as large as 5 - 10 milliradians at the vertex. For 
example, an error of AB/B w 1% will produce an error in d$ of about * 7 milli- 

radians over 75 kG-m. 
It turns out, however, that if PT and PL are kept invariant in the recon- 

struction (which is what a pure BZ field does), the mass resolution is not 

very sensitive to f d@. 
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SOLENOID KINEMATICS FOR PIONS IN A, 

A + q 14 TARGET - $EXITI rEXIT= JGFTx7- 

(p ROTATION OF P DISTANCE FROM AXIS 
8 ANGLE FAN e=?) 

PIONS WITH PLAB< I GeV/c 

2 
0 
a 

? 
0 
a 

ILL 

0 40 80 120 0 0.2 0.4 0.6 0 102030 
A + (degrees) r (meters) 8 (degrees) 

0 40 80 120 0 0.2 0.4 0.6 0 102030 

A+ r 8 

0 4080120 0 0.2 0.4 0.6 0 102030 

A+ r 8 

L 
0 40 80 120 

A0 

PLAB l-2 GeV/c 

PLAB 2-4 GeV/c 

P LAB < 4 GeVk 

h-u k 
0 0.2 0.4 0.6 0 IO 20 30 

r 

FIG. 18--Particle kinematics inside solenoid as a function of their lab momentum. 
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A f d@ = 7 mrad implies &A mass 5 .7 MeV/c’ for the p - mr (M 750 

MeV/c’) . 
Table VII summarizes these results. 
In the two particle case, a little algebra leads to 

AM12W - sin C#y@2) Wl-W2) 

The labels 1 and 2 refer to particles 1 and 2 respectively. This AM expres- 

sion is consistent with the Monte Carlo determination of Table VII. The fact 

that PT has an upper bound of about .5 GeV/c reflects in a small AM. 
Thus even though the A@ variations may be extremely large by compari- 

son with conventional spectrometer, the solenoid would still have good mass 
resolution. A word of caution, however, since this example idealizes the 
situation. The fast track in fact will probably have to be integrated through 
the exit fringe field to determine PT. 
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TABLE VII 

+ AI#J Jitter at Vertex vs APx and Amass for Three Pions in 16 GeV/c 

np - 7r, r,rop (i. e., 
J. L 3 

Pz and P, of Particles Remain Invariant) 

INPUT 

& Arp Jitter 
(mrad) 

OUTPUT 

rt APx A rnPx 

WeV) F-V) 
l A”(nln2x3) 

WV) 

0.0 0.0004 0.0004 0.002 0.0003 

0.2 0.02 0.07 0.03 0.03 

1 0.14 0.31 0.1 0.06 

3 0.4 0.9 0.3 0.2 

5 0.7 1.7 0.5 0.3 

20 3.5 11 2. 2 1.5 

100 18 42 10 - 6 
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V. PATTERN RECOGNITION 

A very important consideration for any high statistics counter experi- 
ment is one of computing needs. Related to this is the question of recognizing 
track patterns among the many sparks recorded in the spark chambers. The 
questions are, how well can one find the sparks for a track and how long does 
this take? 

The following discussion shows that the very simple procedure of looking 
for proportional (or equal) chord lengths in the XY plane of the solenoid gives 
satisfactory results and with a minimum of computing time. 

Table VIII summarizes the results of this algorithm in regards to the 
’ track recognition efficiency. The computing time is 30 microseconds on the 

360-91 to calculate a 3-spark search parameter. Thus 
(a) if 1 event z (4 x 4 x 4) sparks in 3 planes => 2 msec/event, 
(b) if 1 event z (6 x 6 x 6) sparks in 3 planes => 6--l/2 msec/event. 

This timing comes from a Fortran coding of the calculation. 
Two other conclusions are: 
(1) It is better to have evenly spaced chambers along the solenoid axis. 

This simplifies the algorithm and makes it a better approximation, 
(2) The track recognition signal is strongly dependent on the AX and AY 

jitter of the sparks in the chambers. This is demonstrated in Table VIII. 
No check has been made on how variations in BZ or Br # 0 affect 

the results. 
The number of sparks combinations can be reduced by various criteria. 

A simple suggestion is presented. It reduces the number, improves the signal 
to noise but does reduce the signal some. 

A. The Algorithm 
A perfectly axial BZ field rotates the PT momentum vector of a particle 

and leaves the magnitudes of PT and Pz invariant. 
Thus for a particle inside the solenoid, PT/Pz is invariant. Consider this 

ratio when the particle passes from one spark chamber plane to the next (i. e., 
plane 1- 2) 
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TABLE VIII 

Solenoid Track Recognition Efficiency 

(T--P - 7~;$rip 4 Sparks/Plane and 3 Planes/Event, using all 12 sparks per event) 

INPUT . OUTPUT 

1. 

2. 

3. 

4. 

5. 

6. 

F 

7. 

8. 

9. 

Beam, Solenoid, Chamber 
and Spark Conditions 

TR R = .75 - 1.25 R = .90 - 1.10 R = .95 - 1.05 

Signal %Sig. RyGFKS %Sig. 
NOISE NOISE 

RL TRKS %Sig. RL TRKS 

16 GeV/c, 25 kG, 
‘12= ‘23 =lm .OOl 100 1.8 100 .7 100 .4 

AK=AY=AZ=O 

16 GeV/c, 25 kG, 
Z12= Z23= lm .Ol 100 1.8 100 .7 100 .4 

AX=AY=O AZ=*2 mm 

16 GeV/c, 25 kG, 
'12= '23 =lm .025 96 1.8 83 .9 66 .6 

Ax=AY=d mm AZ=*2 mm 

16 GeV/c, 25 kG 
‘12= ‘23 =lm .045 88 2.0 66 1.1 48 .7 

AX=AY=h2 mm AZ=&4 mm 

16 GeV/c, 25 kG, 
z12 = 1.25, Z23= .75 mm .06 71 .7 56 .5 37 .4 

AX=AY=%l mm AZ=*2 mm 

16 GeV/c, 50 kG 
‘12 = ‘23 =lm .025 95 1.8 82 .9 64 .6 

Ax=AY=+l mm AZ=*2 mm 

8 GeV/c, 25 kG 
Z12=Z23=lm .018 99 1.7 94 .7 81 .5 

AX=AY=&l mm AZ=+2 mm 

8 GeV/c, 50 kG '12= '23 =lm . 020 98 1.9 91 .9 78 .5 

AX=AY=kl mm AZ=*2 mm 

‘1 
= X2+Y2 > 5 cm cut 

16 GeV/c, 25 kG 
Z12= Z23= 1 m .020 69 1.7 66 .7 56 .4 

AX=AY=kl mm AZ=*2 mm 
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SI2 is the arc length in plane XY, Z12 is the plane separation along the Z 
axis. Similarly for planes 2 + 3 

pT %2 ‘23 -= -=- 
pZ z12 ‘23 

let 

then R= 1 if we are joining sparks that belong to the same track, R# 1 if we 
are joining sparks that belong to different tracks, (R w 1 as some background), 
S = RA$ in the XY plane, and if A$ is small S12 =A12, where Al2 is the 
straight line segment from spark 1 - 2 in the XY plane. 

Al2 ‘23 R=x- - 23 z12 

and if we label this variable (and square it to simplify the computing) 

R.. 
uk 

i refers to the spark number in plane 1 
j refers to the spark number in plane 2 
k refers to the spark number in plane 3 

R.. “N 
1Jk (22) 

The above defined variable R ijk is called the 3-spark search parameter. 
If the 3 planes are equally spaced, (S12/S23) = (A12/A23) = 1 exactly and 

we are not bothered by the S12 = kA12 approximation. 
That is, for evenly spaced solenoid chambers, our algorithm is simply 

the search for equidistant points in the XY plane. 

B. Procedure and Results 
The Monte Carlo simulation study used the following procedure. 
(1) As described earlier in this report, a four-body event is generated 

in the target and the particles are traced through the solenoid. The spark 

chamber intercepts are then defined as “sparks!’ 
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(2) These sparks can then be displaced from their true position in X, 
Y, and Z by a gaussian error function. 

(3) The four sparks from each solenoid chamber are then collected and 
all possible combinations of the R.. 

1Jk 
parameter are calculated (64 total for 

4 sparks in each of 3 planes). 
(4) Remembering which sparks really belonged to a track, one can then 

examine the resolution of the algorithm. 
(5) No acceptance checks or measurement checks were made on the 

sparks or tracks in this chapter. 

XY Plane Distribution of Sparks 
The ease of recognizing tracks will depend strongly on the spatial distri- 

bution of the sparks in the three chambers. 
In Fig. 19 one sees that a great many sparks occur within f 15 cm of the 

beam l.ine. Many of these are due to the very fast pions (up to Pz = 15 GeV/c) 
which will not be measured in the solenoid anyway. 

Many of the large r = J-z--” X + Y points are due to the slow protons, which 
usually rotate more than 7r in the 2 meter AZ. 

To remove some of the very fast tracks, one can simply check the r value 

of the spark and disregard it if it lies within some small circle (e. g. , 5 - 10 cm 
from the center line). This reduces the number of combinations (i. e., com- 

puting time) and emphasizes the search for the slower tracks, which one is 
measuring in the solenoid. 

If one wishes, a second pass search can then be made on the remaining 
and unassigned sparks. 

Algorithm Results 

We next look at the distributions of the R.. 1Jk 
search parameter for a large 

number of events and sparks. Figure 20 shows how the parameter values 

distribute themselves when for each “real track” R.. 1Jk 
one also plots fifteen 

“nontrack” R ijk’ In this figure the sparks are given a reasonable jitter of 
f 1 mm in X and in Y and f 2 mm in Z (gaussian (T values). If there was no 

such experimental jitter, one would see a very sharp delta function at R=l. 

The background (i.e., 3-spark combinations for false tracks) peaks at 

low values of R and is reasonably flat and smooth under the *‘real track” signal 
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SPARK DENSITY vs r IN SOLENOID CHAMBERS 

16 GeV/c r-p- ~-TT+~--P 

Y 

25 kG SOLENOID x 3m 
(4 SPARKS /PLANE / EVENT) 

i 

CHAMBER AT 

2nd CHAMBER 

3rd CHAMBER 

AT Z = 2 meters 

AT Z = 3 meters 

0.3 0.6 
r FROM ORIGIN (meters) IPOIAl. 

Z= I meter 

FIG. 19--Typical spark distributions (in radius r) at the lst, 2nd, and 
3rd spark chambers. 
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3-SPARK SEARCH PARAMETER DISTRIBUTION 

16 GeV -rr-p-rr-~~+r--p (1000 EVENTS) 
1 I 1 I I I I I 1 1 1 I I 1 1 I 

SOLENOID B, = 25 kG 

I 
Z~=Z23=1 m 

SPARK nX=nY=+,lmm nZ=+_2mm 

“FALSE TRACK” “REAL TRACK” 
BACKGROUND 

0.3 0.6 0.9 1.2 

Rijk 3-SPARK SEARCH PARAMETER 1POI815 

FIG. 20--Typical 3-spark search parameter distribution. 
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at R M 1. Thus one can quickly disregard all R.. values, i. e., all spark 
1Jk 

combinations, that are not near this signal. 
Table VIII summarizes the percent of the signal as well as the noise to 

real track ratio for three different cuts on the R number. The wider this cut, 
the more signal one gets but the higher the background ratio. In Table VIII, 
the column labeled NOISE/RL TRKS is defined as 

NOISE 
RL TRKS = 

(total number of combinations) - (real track combinations) 
(real track combinations) 

The table also shows how these values depend on different experimental con- 
ditions. One observes that 

(1) AZ = f 2 mm jitter affects the very narrow R signal very slightly 
(case 2). 

(2) The FR appears to vary directly with the AX, AY errors in the 
sparks (case 3 and 4). 

(3) The uneven chamber spacing (case 5) results in a drastic reduction 
of the signal. This is primarily due to the slow proton which now really needs 
a mod(2n) extension of the algorithm. 

Because the proton tracks have such a low Pz, their sparks are well 
separated in the XY plane and so R.. 

1Jk 
for the proton has a much better signal 

than for the pions. 
(4) A 50 kG solenoid does not seem to affect the signal very much 

(case 6). 
(5) A reduction of beam energy improves the signal somewhat. The 

tracks are slower in Pz and so trace out a larger arc in the X-Y plane, which 
then is easier to find. 

Figures 21a and 21b examine the R.. -1Jk distribution near the signal in more 
detail. Figure 21a is a blow up of the R = 0.75 to 1.25 region from Fig. 20. 
It also shows what the real track signal looks like in the region of R M 1. 

Figure 21b shows what the R distribution looks like when we reject all 
sparks in the first chamber within 5 cm of the center line. (See Fig. 19. ) 
The background is reduced by about 50%, but the signal by only about 25%. 
Again, let us emphasize that this 25% is mainly from the very fast tracks 
which one will measure in the large magnet anyway. Figures 21a and 21b 

have the same event sample and the same axis’ scales and so the signal sizes 
are directly comparable. 
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3-SPARK SEARCH PARAMETER DISTRIBUTION 
ti 360 I I I I I c I I I I I 

-rr-p --VT--7T+-lT-p 
1’6 GeV/c (1000 EVENTS) 

ALL POSSIBLE 
3-SPARK 

270 t I I 1-1. 
COMBINATIONS 

90 

/ 0 . 
1 ---H---T / -. 

0 
8 I I J--w I 

0.8 0.9 1.0 I.1 1.2 

180 - 

I 
I I I I I I 1 I 

270 - 
AS PER ABOVE+CUT 
ON r>5cm IN FIRST 
SPARK CHAMBER 

180 - 

90 - 

0 \ / 
n-I / 1 I ‘. I --- I I 
v 

0.8 0.9 1.0 I.1 1.2 

Rijk 3-SPARK SEARCH PARAhilETER VALUE lpolcl8 

FIG. 21--3-spark search parameter distribution in the region of the signal. 
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Table VIII, case 9, shows the signal and noise/signal values with the 
rI > 5 cm cut on the sparks. 

It is anticipated that after one has selected the spark combination with R 
in some region centered at 1, the background should be separable from the 
real tracks by doing a least squares fit in space and using a common vertex 
constraint. This has not been studied here. 
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