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ABSTRACT 

PION AND PROTON PRODUCTION IN PROTON PROTON 

COLLISIONS AT 12.4 GeV/c 

by 

John Layton Day 

Chairman: Alan D. Krisch 

The differential producti0n cross section for pions 

and the differential inelastic cross section for protons 

were studied in proton proton collisions at 12.4 GeV/c. 

The cross sections for the pions were measured on lines of 

fixed P.e, and P~ in the center of mass while circles of 

fixed energy loss in the center of mass were used for the 

protons. 

There are two main features of our pion data. When 

the cross section- d2a/d0dp for the pion is plotted agai.nst 

P2 there is a maximum at Pcm = O GeV/c ~hich contradicts 
L' l-

our earlier evidence of a two center model of particle pro-

duction. We now believe this earlier evidence to be in 

error. The 

of the form 

second 
-15P

2 
e L 

point is that a very sharp forward peak 

appears in the P dependence. 
L 

A plot of the proton data shows the cross section 

~o be a Gaussian which is independent of ~he value o:i:' the 

circles of fixed energy loss. 

Ours \·tas totally a counter experi;ner1t consistine:: o:t ... 



a liquid hydrogen target, three magnets, scintillation coun-
' v 

ters, and one gas threshold Cerenkov counter. The second 

extracted proton beam (EPB II) of the ZGS was our source of 

impinging protons. 
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CHAPTER I 

INTRODUCTION 

For the pa.st several yea.rs experiments have been 

performed by a University of Michigan group in collaboration 

with personnel from the Argonne Na.tiona.l Laboratory studying 

elastic and inelastic proton proton collisions.l-3 This pre-

§~~ experim~qt was 

and other ·e:$ifo::--ts. 4 

designed as a logica_l extens.ion of these 

Specifically the purpose was twofold. 

First there was the desire to learn more about the breaks 

in the proton cross section in inelastic proton proton 

scattering and second to find out more details about the 

fireball or two center model for particle production. 

1.1 A Diffraction Model 

Krisch and others have proposed a diffraction model 

for strong interactions and it is this model which.has been 

the theory underlying the several past experiments.5 Some

what simplified this model states that an excited region in 

the vicinity of the two colliding protons comes into exis-

tence due to the exchange of quanta between the two protons. 

The creation of particles from this region can be described 

by a Klein-qordon equation 

(1) 

1 



2 

where ~ is the meson field and p is a source function or 

production probability density. p can be written as 

where y is the incident energy, R is the distance between 

the two colliding protons and r 1 is the distance between 

the produced particle and one of the protons while r 2 is 

the distance to the other proton. (See Fig. 1.) We can 

rewrite Eq. (2) as 

p = p(R,r,y) 

(2) 

(3) 

since the produced particle is usually closer to one proton 

than the other except for particle production near 909 in 

the center of mass. We will also assume that p is factor-

able. 

p(R,r,y) = pt(R,y)p"(r,y). (4) 

It can be shown that elastic scattering depends only 

on p 1 (R,y) and 'the produced partic!e spectrum depends only on 

p 11 (r,y). Further results of this theory show that the breaks 

in the elastic cross section when plotted against ~2p2 
J. 

lead to the idea of the prot·::m having three regions. 

These regions are concentric spheres with radii of .92, 

.52, and .34 fermis. It was also suggested that these 

three regions may be associated with pion, kaon, and anti-

proton production.respectively. Two points need to be 
) 

mentioned here: (1) these three regions exist only in the 
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interaction region and not in the proton and (2) this model 

describes the interaction region only for elastic scattering. 

1.2 Experimental Background 

An experiment was performed in 1968 by our research 

group at Argonne to see if there did exist a simple connec-

tion between the mechanisms of elastic and inelastic scat-

tering. (See Ref. 4.) What was done was to study the cross 
2 section , d G/dOdp, for 

p + p-+ p + anything (5) 

on circles of constant momentum in the center of mass. The 

anything means that we summed over an ensemble of channels 

such as 

+ + P + n TT 

+ + TT + p + p TT 
p + p ... + 

TT + TT + TTO + p + p 
(6) 

etc. 

care was taken not to know what the anything was. 

The cross section was given by 

Events (7) 

So to measure d2a /dO dp, it was necessary to measure I
0

, the 

number of particles hitting the target; Nt, the number of 

target particles/cm2; and 606p, the phase space bite in the 

.center of mass. 
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We chose Pcm to equal 

equal to 1.4 GeV/c, pions and 

1.4 and 2.1 GeV/c. For P cm 

kaons could be produced in 

addition to the proton. For P eo<.tal to 2.1 Gev/c, only cm • 

pions could be produced since kaon production was kinemati-

cally forbidden. If the three regions in elastic scatter1.ng 

were caused by shadow diffraction scattering, there would be 

a break in the 1.4 GeV/c cross section because of the two 

regions involved, but no break in the 2 .1 GeV/c cross sections 

since only one region was involved. The result of the experi-

ment showed that the slopes were a.bout the same and similar 

to the second slope in the_ elastic scattering. This was 

taken as evidence that the three regions in elastic scattering 

are not caused by sha.dow diffraction scattering in the produc-

tion of pions, kaons, and antiprotons in inelastic collision~ 

We have· rec.ently :i:einterpret·ed' this data ·and pointed 

out that if many of the interaction were of the type 

then there would be two protons, either of which could be 
' 6 

detected. · This means that the observed cross section, 

d2 2 
dOd~ = B(PJ.) 

could be written as 

(8) 

(9) 

(10) 

A(P2) is the cross section for the first proton and f(P2 ) 
J. J. 
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* is a smearing function caused by the decay of the N . Un-

fortunately A(P2) was not seen since small values of p2 were 
J. J. 

not taken and it is this function and not B(P2 ) which could 
J. 

ma.ke clear the connection between elastic and inelastic 

scattering. 

1.3 Experimental Purpose 

We now wanted to extend our previous data. In order 

that our study of the relationship between elastic and in-

elastic scattering would be as easy as possible we chose to 

look at the scattered proton in Eq. (5) on circles of fixed 

energy loss in the center of mass. On such a circle an 

inelastically scattered proton possesses an energy which is 

less than that of an elastically sca.ttered proton. For 

example in a 12.4 GeV/c proton proton collision, an elas

tically scattered proton has a center of mass energy of 2.5 

GeV. All the inelastic protons observed have an energy less 

than this. Experimentally, circles of fixed momentum and 

circles of fixed energy loss are the same. Figure 3 shows 

the points we took. The circles a.re from the latest exper

iment while the squares are from·the ~968 experiment. As 

can, be seen, we looked at much smaller angles and covered 

the quadrant well. 

The second part of the experiment was the study of 

pion production in proton proton collisions. We were par

ticularly interested in gaining additional clarification and 

verification of the two center or fireball model of particle 

production. The fireball model for particle producti0n 
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FIG. 3. Plot of points taken in the 

study of p + p 4 p + anything. 
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states that there is a fireball or cloud which follows each 

of the two protons after they collide. These clouds spew 

out pions. Naturally, the pion production would be a max

imuJU at rest in the fireball rest frame. For this study 

we held PL constant and varied P~m. The quantity P is the 
L 

momentum vector of the pion which is perpendicular to the 

impact direction of the two protons in the center of mass 

and Pcm is the momentum vector along the impact direction. 
t 

The center of mass system was chosen as our refer-

ence system instead cf the laboratory system since any theory 

concerning particle production would most likely appear more 

simple in the center of mass system where there is symmetry 

between the two protons. 



9 

CHAPTER II 

EXPERIMENTAL EQUIPMENT 

Our experimen i; was performed on the second extracted 

proton beam (EPB II) of the zero gradient synchrotron (ZGS) 

at the Argonne National Laboratory. The target was a liquid 

hydrogen flask 2.93 in. in diameter .. The spectrometer for 

detecting the outgoing particles consisted of three bending 

magnets, one gas threshold Cerenkov counter, a lead colli

mator, and various scintillation counters. The overall 

length was 1350 in. and the total bend angle for momentum 

analysis was 11°. Table I lists other dimensions of the 

layout. 

II.l Hydrogen Target 

In the last two years there has been a considerable 

improvement in the design of hydrogen targets. No longer 

is it necessary to have a target that requires constant re

filling and large quantities of liquid hydrogen in reserve. 

These two conditions required many man hours and elaborate 

safety equipment. The use of liquid helium refregerators 

has solved these problems. 

Our target (Fig. 5.) was a 2.93 in. diameter flask 

made of 3 mil H film wrapped with ten layers of" 1/1+ mi.l 

aluminized mylar. on opposite sides of the flask and also 

perpendicular to the l:Jeam, two small \·1indmrs were cut 
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TABLE I. 
Equipment information. 

Apparatus Dimensions Distance from the 
Wxhxl iri inches. target in inchES. 

A: Scintillation 
Counters 

s1 l.5x2x.5 510 

82 l.75x2x.5 516.5 

83 l.75x2x.5 523 

84 6x5x.5 1347.5 

85 5x4x.5 1350 

cl 4x4x.5 840 

C3 6x6x.5 1050 

Ml' M2' M3 .5xlxl 108 

Nl' N2' N3 .5x1x1 96 

" B. Cerenkov 
Counter 

c2 72" long 1040 
" ' 5 i.d., 

6" o.d. 

c. l;iagnets 

c 20x42-C 50 

R 20x42-C 230 

Bl 18 VI 72 (BM 105) 450 

B2 18 VI 72 (BM 105) 900 
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in the insulation so that a visual check of the liquid level 

could be made. The liquid level was normally known by the 

reading of two temperature dependent resistors. One was 

located at the top of the flask and the other was located 

at the bottom of the flask. When the resistors were covered 

with liquid their resistance changed from their value when 

they were uncovered. This change was noted on an ohm meter. 

The target was encased in a high vacuum jacket whose windows 

were constructed also from 5 mil H film. (The side windows 

allowed the monitors to view the target.) 

The refrigerator used to operate the target was an 

ADL model 342 Cryodone condenser/recondenser refrigerator 

rated at ten watts using helium as the refrigerant. During 

the expansion phase, the helium was around 12°K. Hydrogen 

gas at 300°K entered the refrigerator and on the first cycle 

was cooled to 70°K. The second cycle cooled the gas to a 

liquid at 20°K. Initial cool down time was of the order of 

three hours. Once the system was cooled it could be emptied 

in about one half hour and since the liquid went into a 

reservoir, refilling was very fa.st, about fifteen to twenty 

minutes. Control of the target was exercised by the exper

.:imenters, a great convenience. 

II.2 Scintillation Counters 

Ours was totally a. counter experiment consisting of 

c"irhirteen scintillation counters and one gas threshold " Ceren-

l!!ll!i'~ounter. Some of the scintillation counters were used 

-6riitors to count the nuniber of incident particj_es going 
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through the target while the other counters were used to 

count the number of events. 
... 

The Cerenkov counter served t:J 

tag the particles as pions or protons. 

Pilot B plastic scintillators of a half inch thick-

ness was used in the manufacture of all the scintillation 

counters. Except for the s1 , s
2

, and s
3 

counters all the 

others used lucite light pipes. In the case of s1 , s2, and 

s3, since they were located within the tunnel, air light 

pipes of aluminized glass had to l:>e used. Otherwise there 

would have been excessively large single rates because of 

the Cerenkov light produced by the background particles 

traversing through the lucite. The tube bases used in the 

counters were manufactured by Nanosecond Systems Inc., 

model number 561, and the tubes were RCA 7746 multiplier 
v 

phototubes except forthe Cerenkov counter. It used an RCA 

8575 tube with a. modified EG&G type B 56AVP-l photomulti

plier tube base. This RCA 8575 had a bia.lkali cathode which 

gave a higher quantum efficiency. 

'V 

II.3 Cerenkov Counter 
v 

Our gas threshold Cerenkov counter was ma.de of two 

aluminum cylinders--one piece 48 in. long, the other 20 in. 

long. Ea.ch piece was a half inch thick and had a 5 in. 

inner diameter. The end windows were each .05 in. thick 

aluminum. As shown in Fig. 6, an aluminized elliptical 

mirror of one-eight in. lucite directed 
v 

the Cerenkov 

light through a 4 in. aluminum foil covered ultraviolet 

transmitting conical light pipe to the 12 stage photomul-
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. FIG. 6. Schematic drawing of Cerenkov counter. 
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tip lier tube. In order to increase the light gathering 

efficiency, the inside of the counter was lined with 5 mil 

aluminized mylar. A safety valv~ set at 550 psi
1

was used 
' ' on the Cerenkov counter as a safety measure. : 

· '.l'he counter was filled with nitrogen except for a 
-

few low velocity points where ethane gas was used. To cut 

down costs, since a fairly large quantity of gas was required 

during the run, technical grade was used. On previous ex

periments .this was a source of trouble since the inside of 

:the Cerenkov counter became coated with oil contaminants. 

from the gas causing the counter to lose eff~ciency. Con

sequently the counter had to be periodically cleaned. This 

time two Matheson gas and liquid purifiers, model 450 with 

451 type A cartridge, were used in series' and ho oil deposits 

were found. However this could also be because these were 

oil free t.anks of gas • 

All counters were furnished with lateral adjustments 

and were mounted on transit stands which greatly-facilitated 

fine adjustments in position. Use of plumb bobs and an 
- .. 

_optical level gave an accurate reference as_ to position and 

alignment. 

II.4 Ma.gnets 

There were two types of magnets used in the spectro

meter. One type was a B-ma.gnet (type BM 105B in the Argonne 

Users Handbook.) and the other was.a C-magnet(type 20x42-C 

Jrt the Ar_gonne Users Handbook). The B-magnets were used 

for momentum ana.lysis while th: C-magnet acted as a steering 
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ma.gnet for the produced secondary particles. A second C-

magnet was used to res tore the extrac.ted beam to its original 

path. 

To provide the momentum analysis, two B-magnets were 
0 used each bending the secondary particles by 5.5 . Each of 

these magnets had an effective length that varied with cur-

rent, from 75.2 in .. at 300 amps to 73.5 in. at 3000 amps. 

The gap was 6 inch and the width was 15. 2 in. The maximum 

JB·dl was 1400 kilogauss-inch. The first B-magnet, Bl' bent 

the particles thru counters s1 , s2 , s
3

, and c1 . Magnet B2 

then bent the beam through the center of the remaining coun-

ters. 

The purpose of the C-magnet was not primarily to 

anazyze momentum but to steer the produced particles down 

the center of the spectrometer. For example if a produced 

particle· had a laboratory production angle of 10°, without 

the effect of the C-magnet, it would miss the telescope. 

But with the C-magnet bending the particle inward it would 

pass thru the spectrometer. In the same way, a particle 

with a laboratory production angle of 5° must experience a 

magnetic field in the C-magnet resulting in the particle 

being bent out. So we see that the C-magnet can compensate 

for changes in the laboratory production angle resulting from 

changes in the center of mass angle. The C-magnet then 

eliminates the need for moving counters and magnets--a time 

and money consuming venture. Also there is a reduction in 

the point-to-point systematic error due to possi.ble mis-

alignment in moving magnets and counters. 
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The R--magnet was a restnring magnet returning the 

extracted beam to its original position. When the C-magne'" 

either bent the secondaries in or out, it also deviated the 

extracted beam because of i.ts proximity and fringe field. 

:So the purpose of the R-magnet was to counteract the effect 

of the C-magnet on the protons which passed thru our target 

and to allow their use by other experimenters downstream. 

Physically the C and R-magnets were identical. Both 

were 20 inch wide, 42 inch long, and had a gap of 3 in· 

The maximum JB·dl was 950 kilogauss-inch. The R-magnet was 

230 in. downstream of the target and the C-ma.gnet was 50 

in. downstream of the target. The C-magnet wa.s offset 3.5 

.in .. to the left looking downstream from the center line. 

The reason for the offset was to move the magnet out of the 

pa.th of the extracted beam as much as possible. 

Unlike the bending magnets, the C-magnet does not 

ha.ve a very uniform field. For example, a particle that 

during its time within the magnet is on the a.verage 3 in• 

off center does not experience the same JB·dl as would a 

particle that was 1 :in. off center. These magnets were 

mapped by the staff at Argonne, so we could calculate the 

necessary center-line JB·dl to give the needed JB·dl a.t any 

distance from the center line. 6 This average distance was 

calculated from the .trajectory of the particle of interest. 

If the off-center JB·dl was 10% lower than needed then the 

center-line JB·dl was increased by 10% bringing the off-center 

JB·dl to its proper value. 
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II.5 Extracted Beam 

We used the second extracted proton beam of the 

ZGS as our source of impinging particles. With the magneti·~ 

field of the ring magnets held constant and the radio fre -

quency of the resonant cavity reversed, the circulating beam 

moved radially in striking a .125 in. thick beryllium 

Piccioni target. At each pass the beam.lost energy in the 

lip of the target and r. f. de bunching occured which gave a 

smooth, no spike spill. The beam was removed from the ZGS 

by a deflecting magnet during an outward phase of its radial 

oscillation. The extraction was simultaneous with that of 

EPB I and the efficiency was about 247~. A typical beam spill 

was of the order of 600 to 700 msec with a repetition rate 

of around 3.2 sec. 10 4 About 2xl0 protons of 12. GeV/c were 

in each pulse. There was ah uncertainity in the absolute 

value of the momentum of about 1%. The momentum spread was 

less than 10 MeV/c and the angular divergence of the beam 

was about 3 mrad. Spot size at the target site was a circle 

with a diameter of about 1 cm. 

A system of quadrupoles and bending magnets made up 

the beam transport line which brought the beam of protons 

to a first focus at our target. The rough tuning of the 

beam was accomplished by use of a standard beam tuning pro-

gram supplied by the ZGS. Since we had control of all the 

transport magnets, it was quite easy for us to fine tune the 

beam. 
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II.6 SWIC 

In order to center the beam on our target, we used 

a remarkable device called SWIC, which is short for Segmen

ted Wire Ion Chamber. 8 The SWIC resembles a wire spark 

chamber consisting of three parallel planes of wires. The 

inner one is at a high voltage (1 kV) and one of the two 

outer planes is the horizontal profile array while the other 

is the vertical profile array. When the proton beam pa.sses 

thru normal to the planes, the SWIC acts as a flow chamber 

with air being the gas. Since each wire is connected to its 

own integrator, the amount of voltage on the capacitor in 

the integrator is an indication of the number of particles 

h.i tting each wire. These voltages are then viewed on an 

oscilloscope. 

The SWIC was placed slightly upstream of our target. 

By varying the current in the transport bending magnet, we 

could sweep the focus point of the beam a.cross the SWIC and 

consequently our target. Changing the current in the quad-

rupoles changed the shape of the beam. Figure 9 shows pie-

tures taken off of an oscilloscope of the SWIC. Thus we 

a.lways had a clear picture of the size and position of the 

spot size. The price for the convenience was very small, 

a loss of ~% of the extracted beam. 

II.7 BIPS 

Another device, again developed by the ZGS staff 

helped us to set the current in the restoring megnet so t"le,c 

the extracted beam would be restored .9 If the beam 1-1ere 
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FIG. 9. Signals from SWIC. The top signal in 

each picture is the horizontal focus; the bottom 

signal, the vertical focus. The sharper the curve, 

the better is the focus. 

• 

• 

• 
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allowed to wander, we got excessj.ve accidentals i"l the s1 , 

s2 , and s
3 

counters. This device called Beam Ion Position 

Systems or BIPS was set downstream of the R-magnet. By 

viewing its signal on an oscilloscope, we could tell when 

the beam was restored. 

BIPS (Fig. 10) is essentially a. high voltage elec

trode ( lOkV) and two collecting plates, A and B. If the bearn 

goes thru the center of BIPS, each collection plate will give 

the same size signal so the signal (A-B)/(A+B) will be nearly 

zero. If the beam is' off center, one of the plates will have 

a larger signal, so (A-B)/(A+B) will not be zero. Whether 

the signal is a 11+ 11 or a 11
-

11 shows to whlch side of the cen--

ter of BIPS the beam is now located. 

II.8 Electronics 

Four Power. Designs, model 1547, power supplies fur

nished the high voltage to our counters via two distribution 

panels. Readouts of all counters were done on two Hewlett 

Packard, model 3440A, digital voltmeters (DVM) connected in 

parallel. Two DVM 's were used to prevent errors due to a 

possible change in calibration of one DVM. These two DVM's, 

in addition, were capable of giving the voltage across 

the shunts which were in series with each of the magnets. 

RG 59/U transmission lines carried the voltage to the coun

ters and RG 213/u coaxial cables transmitted the signals 

from the counters back to the logic. Within the electronics 

trailer, all signals were carried by RG 223/U cables. A 

Tektronix RM561A oscilloscope was used to view various 
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signals--spill, BIPS, and the B field of the ZGS magnets. 

our electronic logic system was made of Chronetics 

Nanologic 100 circuits. Used in conjunction, was a 400 

channel pulse height analyzer (PF.A) made by Technical Mea

surement Corporation, model 404C. With this was the model 

522 Resolver /Integrator also manufactured by TMC. The print. 

out of the FHA was done on a Franklin printer. Scalers wer;o 

the 100 me type from Transistor Specialties Inc. The prese: 

control used in gating was an ECI 5500 time generator. 



CHAPTER III 

PROCEDURE 

One of the first things to be done in preparation 

of data taking is to be sure the counters are in running 

order. All counters had high voltage curves taken of their 

tubes with the voltage being set approximately 150 V above 

the knee. Afterwards delay curves were run on each coun-

ter. Sample curves are shown in Fig. 11 and Fig. 12. The 

high voltage curves showed that the tubes were completely 

efficient at counting high energy particles while the delay 

curves showed that the counters had been properly timed in 

with respect to one another. 

Signals from the counters, after being standardized 

and correctly timed, were combined to form various coinci-

dences. The s 123 coincidence was made up of pulses from 

counters s 1 , s 2 , and s
3

, similarly for the s
45 

and c123 co-
v 

incidences. If counting pions, the Cerenkov counter c2 , 

was in coincidence with c 1 and c
3

; however, if looking at 

protons, c2 was in anticoincidence with c 1 and c 3 . s 123 , 

s
45

, and c123 were combined to form a coincidence called 

scfast· By stretching s45 and C and then combining with 

s 123 , a new signal SCslow was also formed. We needed SC 1 s ow 

in order to know the accidental background in SCf ~· These asv 

two SC coincidences allowed us to calculate the true number 

27 
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of events, SC, from the formula 

SC = SCfast - (SCslow - SCfast) 
-1 

x[(R.T.slow - R.T.fast)/R.T.fast] (ll) 

where the symbol R.T. stands for resolving time of the cir-

cuit. Since the R.T. of scfast and scslow are respectively 

5 nsec and 30 nsec, Eq. (11) reduces to 

SC = SCfast - (SCslow - SCfast) 5 (12) 

The second term on the right is the number of accidentals. 

There was also a second method used to determine the 

number of accidentals. This method involved feeding the 

stretched pulses from s
3 

and s
5 

into a time amplitude con

verter (TAC) which was on only during the lifetime of the 

SC coincidence. The TAC takes the time overlap of the slow 
s

3 
and s

5 
signals and converts it into a pulse whose height 

is proportional to this time overlap. From the TAC, the 

signal goes to the FHA.which sorts the pulses according to 

their heights and records the heights. A typical spectrum 

of the PHA is shown in Fig. 14. The true events appear as 

the tall peak with the background being the low broad region. 

The channel number is proportional to the time of flight 

difference between the s
3 

and s
5 

counters. 

corresponds to about t nsec. 

Each channel 

The gating circuitry is shown in Fig. 15. The trig-

ger signal arrived at the time genera.tor from the ZGS con-

sole. The time generator in turn started and stopped the 



600 

500 

400 -

300 ... +- fwf1m - 1.25 r1s~~c 

200 

100 

0 

20 

.~~~·-,--'o::=::::::::'.._~.---~~~_:;:~,,__~___,~.~~--, 

30 L~O 50 60 70 

Channel ~·it~Jnber 

PIG. lb:.. 'I'ypical fliA spcctrtcni. 



PULSES FROM THE 
ZGS CONSOLE -

I 
RESET 

, 

ECI 5500 
' . 

CLOCK TIME 

GENERATOR 

J 

',, 

' . 

tb:J\J\J\l\1 
RCA 7746 

;;. 
Pl-OTOMl.LTUi.l.H 

'YS1 SCINTILLATOR 
AND LIGHT GUIDE 

COINCIDENCE COUNTS OF N1z3 

N ;>;ZGS QI ~ JSEM ! 

I I . I I -:>*' '? - -
- - -

____ ... 5(RESETS AFTER EACH PULSE) - . 

RESET, 
TEKTRONIX RM561A SCOPE . 

TIME SWEEP _J,, .. · ·uul SJ SPILL ' ' 
MODULE 

~· • -· • y . . 
CHANNEL A 

PULSES •I. Axis 

START, 
, 

GATE GENERATOR ---------------STOP ' 
GATE SIGNAL Iv 

/ 1-------
l',B FIELD 

/ 
CHRONETICS / ' B t.1-100. FRAME / . , CH. 

. ' 

I ' I . ,, ~ ~500MSEC.~ 
' ' 

,LL CHRONETICS 
' 

y AXIS+ + !.'.ODULES GATE SIGNAL 
, 

RING MAGNET B FIELD ,/CHANNEL B 
' ' . 

DUAL TRACE , . 
AMPLIFIER 

MODULE 

' ·~SCRIMINATOR ' 
I ' , , 
·~ J_ ' CHANNEL A 

I 

FIG. 15. Gating circuitry. 

! 

VJ 
VJ 



34 

gate generator fOI' tl1e Chronetic s logic so that the cour1ters 

were only counting when particles were coming down the beam 

line thus avoiding a great deal of background. By viewing 

the B field of the ring magnet, we could adjust the preset 

controls so that the counting was only done during the flat 

top of the B curve of the ring magnets. Adjustments also 

allowed the exclusion of spikes and irregularities in the 

beam spill. 

The procedure for tuning the beam was given in the 

description of SWIG in section II.6. 

For each data point, the correct JB·dl for each 

magnet was calculated. Magnets B1 , B2 , and C were set to 

these values by use of gra.phs giving the relationship be-

tween DVM/fB·dl and fB·dl. DVM is the digital voltmeter 

reading across a standard shunt through which the magnet 

current flowed. The graphs were constructed by setting a 

nuclear magnetic resonance (NMR) probe inside the magnet. 

This probe was part of a Varian Associates Fluxmeter (type 

8A) and had either a proton or deuteron sample depending 

on the field strength of the magnet. ·The frequency of the 

rf field on the probe when it was at resonance was read on 

a frequency meter. Knowing the necessary parameters, this 

frequency could be transformed into the JB·dl. The voltage 

was read directly .. Probes were left in the B1 and B2 magnets, 

but out of the path of the beam, throughout the experiment 

to provide a check on the shunt v~ltage settings. The agree

ment between the values from the graph and the actual value 
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was very close, of the order of less ·than i%. 
v 

In tuning the Cerenkov counter, c2 , we ran tw::i types 

of pressure curves. One was with c2 in coincidence with the 

c
1 

and c
3 

scintillation counters. The other curve was with 

c2 in anticoincidence with these two counters. These curves 

consist of recording the number of coincidences as the pres-

sure is varied. Figure 16 shows that with increased pressure 

that the coincidence c1c2c
3 

counts first pions, then pions 

and kaons, ·and finally pions, kaons, and protons. On the 

other hana Fig. 17 demonstrates that.with increased pressure 

there is rejection in the anticoincidence c1c2c
3 

of pions, 

then also kaons so that all that is counted is protons. 
' 

From a number of these graphs taken at different settings of 

the spectrometer momenta, we were able to construct a gen-

eral graph from which we could read pressure settings for 

any desired particle at any momentum. We were also able to 

determine from our pressure curve that the counter was great

er than 99% efficient for all momenta. 

The monitors M and N measured the incident proton 

flux. The calibration of these monitors was accomplished 

by placing thin gold foils slightly upstream of our target. 

For each 30 min exposure of the foils to the beam, the num-

ber of monitor counts was recorded. The foils were then 

analyzed by the radio chemistry group of the ZGS using stan

dard radio chemical techniques~O These techniques involved 

the measuring of the production cross sections of 149Tb from 
2 1

' 22 18 gold and "'Na, Na, and - F from aluminum. This in turn 

gave the number of protons incident on the target. A 
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Correla ti on, (2M+N) /1
0

, between monitor counts and the 

number of protons was then available. The uncertainty 

in this calibration was about 5%. Calibration runs were 

repeated several times during the experiment to check 

the consistency and were found to be consistent to 3% for 

target full runs and 7% for target empty. The ratio of 

target empty to target full was around 25%. 

The starting, resetting, and stopping of all 

scalers and the PHA was made possible through the preset 

control. The run ended when a designated scaler (M was 

the one.usually chosen) reached a predetermined number of 

counts as selected on the preset control. Recording of 

the data was done by taking a picture of the scalers with 

a Polaroid Land camera. Since scfast' scslow' M, and N 

were so important to the calculation of the cross section 

these quantities were double scaled. Besides the picture, 

a print out of the PHA spectrum was taken. Because of a 

very good possibility of something going wrong--the 

accelerator malfunctioning, mag~ets tripping, water supply 

failure, etc.:--it was expedient to divide each run into two 

parts so that if something did go wrong in the second half 

there would still be the information from the first half 

and the whole run would not be scratched. 

During the run time all magnets, high voltages, 

and the pressure setting were checked at least once. There 

were also frequent recording of beam spill, structure and 

size of the beam spot, and condition of restored beam. 



CHAPTER IV 

CALCULATIONS 

IV.l Phase Space 

By use of the standard beam transport matrices and 

counter sizes, the phase space for our spectrometer was de

termined. ll It was decided to let counters s1 a.nd s
5 

define 

the horizontal phase space bite, 686P and counter s5 to 

determine the vertical acceptance 6~. All other counters 

were overmatched to insure they were not defining. 

Let 6x be the off axis distance, 68 be the angular 

deviation, and 6p/p the momentum spread of an emitted par-

ticle. Then the relationship between these quantities at 

s1 and the target is given by 

!1E. 
p s 

1 

~ 
P target 

h H . th t" t . 12 w ere 1 is e propaga ing ma rix. 

6X * 0, 

(13) 

By setting 

( 14) 

since we asswne a point source target (using the actual spot 

size of the beam changes the phase space by less than 1%13) 

and taking into account the finite size of the counter s1 , 

39 
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( 15) 

It can be shown that the s1 counter defines a parallel strip 

in the phase space whose boundaries are given by the two 

parallel lines 

-~ width81 = Hl(l, 2 )tie + Hl(l, 3 )ti~ 

+t width81 = Hl(l, 2 )lle + Hl(l,:3){1~- ( 16) 

Any particle which lies within this strip will be counted 

Similarly the s
5 

counter defines another strip and 

the intersection of these two strips defines a parallelogram 

whose area is LI Slip. (See Fig.18) Combining this with the 

vertical acceptance 

( 17) 

where V 
5 

( 1 , ~) '.is an element of the matrix which in context 

is similar to H1 but goes from the ta.rget to s
5 

and is in 

the vertica 1 plane, we get 

ll p and 

60llP = 

llP+ are 

Hl(l,2) 

H5(1,2) 

widths x 
1 

+ Hl(l,2) 

the /:ip/p 

height~ 
ei5 

x (6 p + llP+) 

v 5(1,2). ( 18) 

solutions to the ma.tr ix equation 

118 = 
( 19) 
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IV.2 Cross Section 

The cross section was computed from the following 

formula 

events xaxbxcxd 

The symbols on the right hand side of Eq. (20) are: 

events = SC 

I
0 

= number of incident particles hitting the 

( 20) 

target as measured by the monitors, M and N 

N
0 

= Avogardro 's number, 6. 02x 1023 

p = density of liquid hydrogen, .07 gm/cm3 

t = thickness of target, .7 .44 cm 

ll!JtiP = center of mass phase space volume 

a = target empty correction 

b = nuclear absorption correction 

c = multiple Coulomb scattering correction 

·d = decay of pion correction. 

Since the gold foil irradiations gave the value for the 

expression (2M+ N)/I and the scalers showed the value for 
. 0 

M and N, we could evaluate events/I
0 

by noting 

events 
I 

0 

events 
= (2M + N) x 

(2M + N) 
Io 

(21) 
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IV. 3 Corrections 

With the target full, not all the particles detected 

came from the liquid hydrogen; some could come from the sur-

rounding materials such as the target case and nearby air. 

Thus target full runs contained both true and spurious par-

ticles. To know the number of spurious particles all that 

needed to be done was to run without the hydrogen in the 

target. (of course gold foil irradiations had to be done 

for target empty runs since the ratio (2M + N)/I would 
0 

change.) All particles detected would then be spurious. 

The difference in target full and ta,rget empty runs gave the 

true number of particles coming from the hydrogen target. 

The target empty subtraction varied from about 20% to 30%. 

Another data correction that had to be ma.de wa,s that 

for nuclear absorption. Shaw gives as a working cross sec-

tion for this process the expression 

(22) 

where r
0 

= l.26xlo-l3 cm, and A = atomic weight.14 This 

approximation can be improved by noting that the energy 

in this experiment was sufficiently high so that the nuclear 

collisions were essentially between the individual nucleon 

and the incoming particles. With this idea in mind, 

(23) 

for A= land the incowing particles being protons. Then 
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a better approximation for nuclear absorption c:<:oss section 

would be to multiply cra by the ratio crpp/crpa' For pionsJ 

the same procedure would be used. So 

for protons and 

cr = cr A2/3 
a rrp (25) 

for pions. This idea is particularly nice since crpp and 

crTTP are experimentally known. 

Even if a particle were absorbedJ there existed the 

possibility of' a charged secondary being counted in its stead. 

For instance in the interaction in the s4 counter we estimated 

that 50% ±15% of' the interactions would still be counted while 

in the target none would be seen. In this manner the nuclear 

absorption correction for pions was estimated to be 1.19 

±.03 and for protons 1.25 ± .05. 

The decay of the pions during their time of flight 

down the spectrometer was ca.lculated from a Monte Carlo pro-

gram, which used the standard exponential decay method. As 

an extra correction the dimensions of' the s1 and s
5 

counters 

were used to figure the contribu:1.;ion from the decay of off-

axis pions. The entire decay correction was normally from 

5 to 9% with an uncer.tainty of ±2% with ·occassiona.l correc-

tions up to 1. 30 ± . 04. Appen1'ix I h.s s rebre details. 

Another correction had to be made f'or multiple 

Coulomb scattering. A Gaussian distribution was used to 

approximate the scatt·ering. For low laboratory momentumJ 
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the correction went from 15 to 45% with uncertainties of 

5 to 10%. Normally corrections were less than (5'± 2)%. 

(See Appendix II.) 

Two corrections had to be made for difficulties vii th 

the bending magnets. About midway through the experiment it 

was learned that for the same DVM setting.the magnetic field 

of the B2 magnet was up to 5%.higher when bending positive 

particles rather than negative particles to the left. After 

the experiment was finished, it was found that the BM 105B 

type magnets (our B1 and B2 magnets were of this type) had 

an effective length which increased. with decreasing current. 

At 3000 amps~ the correction was 4% and at 300 amps it was 

about 2%. The correction for these effects was on the order 

of .96 to 1.04 ±.02. This is why for example when detect

ing n+ that P: = .22 instead of .20 (GeV/c) 2 . 

Since usually the number of events taken was very 

large, the statistical error was generally quite small. 

Thus the total point-to-point error, obtained by adding 

statistical and systematic errors in quadrature, was general-

ly less than 10%. There was an additional 5% normalization 

uncertainty due to the calibration of the incident proton 

flux. 





CHAPTER V 

RESULTS AND CONCLUSIONS 

V .1 Pion Data 

Our TT 
+ cm a.nd TT data where Pt is varied and P2 is 

.L 

held fixed is plotted in Figs. 

of .21, .41, and 1.03 (~eV/c) 2 

19 and 20. P2 had values 
.L 

for TT and values of .22, 
-
2 + .43, and 1.06 (GeV/c) for n . 

The disagreement between the old and new data is 

quite evident. While the older data shows a pronounced dip 

near P~m = O GeV/c, the newer data is a maximum here. This 

maximum would seem to support a one center model of pa.rt-

cle production instead of the two center model which the 

older data supported. In this model there is one center at 

rest in the center of mass from which the produced particles 

cm I come, hence the expected peak at Pt = O GeV c. On the 

other hand if the two center model held, the peak would 

appear at that value of P~m which corresponded to the veloc

ity, of the fireball in the center of mass. 

After reviewing the experimental set up of our 

earlier experiment (Fig. 21) an error in the experimental 

procedure was found. In that experiment the s1 , s2 , and s3 
counters were located downstream· of the C-magnet and not 

in back of the bending n:agnet as in the present experiment. 

At low values of Pcm which corresponds to large laboratory 
t 
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angles, some of the secondary particles which passed through 

s
3 

at a fairly large angle missed the s1 counter which was 

supposedly overmatched to the defining s3 counter. The 

effect was that s1 became the defining counter and the phase 

space 606P was reduced. Corrections for this are in the 

process of being calculated. 15 

Analysis of cosmic ray data by Cocconi et al. does 

suggest that there is some possibility that at very high 

energies the two center or fireball model may hold. 16 

One last observation to make concerning the pion 

data is the similarities of the three curves away from the 

kinematic cut off. There is the suggestion of writing 

2 
~O~p = F(Pt)G(PL) {26) 

showing that the cross section may be factorable into func
cm tions of Pt and 

P: ~ith·P1m held 

p • 
L 

The data could be plotted also against 

fixed. Again the curves are similar. All 

this may or may not be of theoretical significance, but is 

interesting experimentally. 

Figure 22 is the plot of rr± data this time with P~m 

held fixed at .6 GeV/c and P2 varied. Included again is 
L 

data from R~tner et al., but this time there is good agree-

ment between the two experiments. The old data involved 

small laboratory angles so there was no trouble with phase 

space as there was with the P1m dependence. The data from 

the 1968 experiment is also shown. 
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PION PRODUCTION CROSS SECTION 
+ 

p+p-,,-+ ANYTHING 
f{m= .6 GeV/c 

• e-2.BP• 

RATNER el al (1967) 
12.5 GeV/c 

CRABB et al (1968) 
12.5 GeV/c 

o ... + } THIS EXPERIMENT 
o ... - 12.4GeV/c 

PRELIMINARY DAT A 

t02'---'---'~-'---'~..L--L~-'----'-~"---L~'---'---''---'---'~--'---'~-'--'-~-'-' 
0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 

P: [GeV le] 
2 

FIG. 22. n± data, P~m held fixed. 



TABLE II 

Inelastic production cross sections in the center of mass 
for rr:I: in the reaction :I: 

P+P-+rr +.anything. 

Particle p2 Pcm (ArlAP)cm · 2 Error in (d 0 /dOdp)cm J. .f, 

(GeV/c) 2 (GeV/c) (µsr(GeV/c)J (µb/sr(GeV/c)] 2 
(d cr/dndp)cm (±%) 

TT .21 .21 3.07 1900 11 
.31 3.95 1820 10 
.41 4.89 16L:o C) 

.51 5.87 1440 8 

.62 6.88 1230 7 

.·72 7.91 1050 6 \Jl 
[\) 

.82 8.95 899 6 

.92 10.00 748 5 
l.02. 11.06. 604 5 
1.12 12.12 499 5 
2.23 13.19 396 5 
1.43 14.26 291~ 5 
1. 3 15. 31.f. 186 5 
1.53 16.42 95.9 5 

.41 .11 2.82 815 11 
.21 3.51 796 10 

.~1 iL31 744 ~ . 1 5.18 687 
5" 6.10 625 i . "-

.62 7.06 564 

.72 B.05 501 6 
r· 

.82 9.07 407 .J 

.92 10.09 336 5 
1;02 11.13 253 5 



TABLE II.--Continued 
Particle 2 pcm 

(tinti p) cm ( a2a /dOdp )cm Error in 
p 

.I. - .i 

(GeV/c) 2 (GeV/c) [µ sr(GeV/c)] [µb/sr(GeV/cj] ( a2a /dndp )cm (±%) 
TT 1.03 .22 4.59 100 7 .32 5.28 89.3 ·r .li2 6. ()}+ 80.0 7 .52 6.86 72.8 6 .62 7.72 62.2 5 .72 8.62 50.6 5 .82 9 "'6 l~2 .1+ 5 . ~· .93 10.52 32.1 5 1.03 11.50 23.0 5 1.13 12.50 15.3 5 \Jl 1.23 13.51 9.36 5 l.AJ 

l.~3 14.54 5.39 5 1. 3 J.5.57 2.67 6 1.53 16.61 1.15 7 

6.90 ~980 11 .oo .6 
6.84 370 10 .02 6.83 35~0 9 .04 6.82 30 0 8 .07 6.82 2620 7 

' .09 ,.. 
6.82 2190 0 .11 
6.88 1250 6 .21 6.96 850 5 .31 7.06 571 5 .42 
7.17 378 5 .52 261 ~ 7.28 '.) .62 
7.39 183 5 .72 



TABLE II.--Continued 

Particle p2 pcm 
(Ml.t. p) cm ( ct

2
cr /dOdp) cm Error in .!. .i 

(GeV/c) 2 
(GeV/c) [µsr(GeV/c)] [µb/sr(GeV/c)] (d

2
cr/d0dp)cm (±%) 

TT .82 .6 7.50 123 6 .93 7.61 91.4 6 1.03 7.72 64.o 6 1 .. 13 7.83 47.0 6 1.23 
~-94 32.3 6 1.34 . 04 25 .8 6 l .L~4. 8.15 ]_3. 0 7 

TT+ .22 .22 3: o·r 3400 11 .32 3.95 3340 10 
\J1 ·,lj.2 4.89 3210 9 +=-.53 5.87 2940 8 .63 6.88 2610 7 . ~~ 7 .91 2380 6 . .) 8.95 2070 6 

• 9lI 10.00 1850 5 1.01+ 11.06 1600 5 l.Vi. 12.12 1380 5 1.25 13.19 1200 5 
1.35 11!. 26 977 5 1.45 15. 31+ 767 ,. 

:;> 
1.55 16.42 555 5 

.43 .13 2.82 1360 11 
.23 .3. 51 1~70 10 
.33 I~. 31 i36o 9 
.43 5.18 1340 8 
.53 6.10 1330 7 



TABLE II.--Continued 
Particle p2 pcm 

(IH'lll p) cm 2 
Error in (d o/clndp)cm J. t 

(GeV/c) 2 (GeV/c) [µsr(GeV/c)] [µb/sr(GeV/c)] ( a2o /dOdp)cm (:!: %) + .43 .63 7.06 1250 6 TT 

,7~ 8.05 1160 6 .8 9.07 1020 5 ,94· 10.09 919 5 1.04 11.13 787 5 
1.06 .24 4.59 181.j 7 .32 5.28 168 6 .44 6~04 159 6 .54 6.86 146 6 \.Jl .64. 7.72 132 5 \.Jl 

,74 8.62 121 5 .84 9,56 lOl~ 5 .94 10.52 88~9 5 1.02 11.50 74.l 5 1.15 12.50 60.0 5 1.25 13.51 Li4. 7 5 1.35 14. 5l~ 32.4 5 1.45 15.57 21.8 5 1.56 16.61 15.3 5 

.60 .6 6.90 19000 7 6 .BL~ 12800 '7 .02 
I .o4 6.83 9550 7 

.07 6.32 7550 '( 

.09 6.82 6080 '( 

.1~ 6.82 4890 '1 

. ----· -· -···-· -·- -·-·~·~--



TABLE II.--continued 
Particle p2 Pcm (anap)cm 2 

Error in (d o/dfldp)cm .l .{. 

(GeV/c )2 
(GeV/c) [µsr(GeV/c)] [µb/sr(GeV/c)J ( d2o /dfl dp) cm (±%) + .22 .6 6.88 2680 6 rr 

1870 6 .33 6.96 .43 7.06 1290 6 .53 7.17 871 6 .64 7.28 59L~ 6 .74 7,39 396 6 .85 7.50 277 6 ,95 7.61 196 6 1.05 7,72 135 6 1.16 7.83 99.3 6 
72,5 6 V1 

1.26 7,94 
()'\ 1.37 8.04 55.1 6 1.47 8.15 42.9 6 
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The most significant feature of this plot is the 

sharp forward peak, 

d2
0 

-15P2 
"" e i., (27) 

clOdp 

± for both the rr . This peak was not found in our previous 

experiments since we could not measure down to P2 = 0 GeV/c. 
l. 

Several tests were done to check the validity of 

these measurements. We measured points at P2 = .02-(GeV/c) 2 
.L J 

with the particles produced on the right hand side of the 

beam line instead of the customary left side so that they 

had a negative production angle. 

mal point at P~ = .0·2 (GeV/c) 2 , 

These agreed with the nor
v 
Cerenkov pressure curves 

were run to make sure that we were not detecting particles 

other than pions and were affirmative; in fact, the curves 

were flat over several hundred psi. The target empty effect 

was still a.bout 25%. Thus we were unable to discover any 

systematic error responsible for this very sharp peak. The 

reason for this phenomenon is- not yet known, but would de

finitely seem to· warrant further ·investigation. 

The rest of the data falls along the same lines as 

previous data. as mentioned. 
2 

tional to e-2 ·7P.L for the TI+ 

The cross sections 
2 

and to e-2 ·8Pi. for 

V.2 Proton Data 

is propor

the TI - • 

Figure 23 is the plot of the proton data with P2 
l. 

being the variable and 6Ecm being the constant. Recall that 

these measurements were taken along lines of fixed Pcm as 
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... PROTON PROTON INELASTIC SCATTERING 

1.0 

P+P-P+ANYTHING 

AEcm 
GeV 

... 1.47 
• 1.37 
'V 1.10 
~ .95 
.... 77 
0 .41 
Cl .29 
0 .13 

•. 83 
II .22 

INELASTICITY 
94% 
87% THIS 
70% EXPERIMENT 
61 % 12.4 GeV/c 
49% 
26% 
19% 
8% 

53 % ASBURY et o/. 
14 % 12.5 GeV/c 

D 

D 

2.0 3.0 4.0 
Pf (GeV/c] 2 

FIG. 23. Proton data. 
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shown in Fig. 3. Fixed P corresponds to fixed 6E . · cm cm The 

new data of eight different circles of fixed energy loss plus 

two circles from Asbury et al. are plotted. 

The circles with inelasticity of 94%, 87%, and 70% 

each fall on their separate line. For circles of· inelasti

city of 61% or less, the result is most interestingly diff

erent. No longer are there separate lin.es, but all points 

of the different circles fall on top of one another irre

gardless of the inelasticity. Thi fl rE;!sul t is quite similar 

to that of Anderson et al. who when plotting the cross 

section d2a/dp dp ) against P found that it was quite 
i 11 cm i 

independent of the quantity Pcm.ll As to the reason or 
II 

mechanism for the slope being so independent of the inelas.:. 

ticity, there is yet no explanation. 



TABLE III. 

Inelastic cross sections in the center of mass for protons 
in the reaction p + p -+ p. + anything. 

6Ecm Pcm 9cm· 
p2 (606 p) cm ( ct

2
o-/d0dp) cm Error in .l 

(GeV) (GeV/c) 2 
[µsr(GeV/c)] [µb/sr( GeV/c)] ( ct

2
a /dOdp) cm (±%) degrees (GeV/c) 

1.47 .42 2 .oo 18.28 1920 7 13 .01 17.81 l'+oo 7 30 .05 16.72 1180 7 4l~ .09 15.10 978 7 58 .13 13.15 '(99 7 72 .16 11.04 61>3 8 87 .. 17 8.95 605 9 °' 0 
1.37 .64 2 .00 23.72 5070 6 12 .02 23.36 37:30 6 21 .05 22.53 2920 6 30 .11 21.30 2310 r 

0 
39 .17 19.73 1780 6 
1~8 .23 17.90 1290 7 58 .29 15.90 991 7 67 -,,4 13 .. 82 7'79 7 • .:J 

625 '77 .37 11.75 7 86 .38 9. 78 582 8 

1.10 1 •. 05 11 .04 20.21 11400 6 16 .09 19.85 8940 6 
21 .14 19.38 6500 6 
25 . 21 18.82 4880 6 
30 .28 18.16· 3800 6 
35 .37 17.42 2850 6 



TABLE III.--continued 

l!Ecm Pcm 9cm 
p2 

(l!Oll P) cm ( a
2
" /drldp) cni Error in J. 

(GeV) (GeV/c) degrees (GeV/c) 2 
[µsr(GeV/c)] [µb/sr(GeV/c)] ( a2

a /drldp) crn ( :!: %) 
1.10 1.05 40 .4~ 16.60 2110 6 1+4 .5 15.73 1520 6 49 .63 ll~. 81 1110 6 

54 .72 13.86 814 6 
58 .80 12.88 586 6 
63 .87 11.90 465 6 
68 .93 10.91 376 6 
73 .98 9.94 325 6 
78 1.02 8.99 281+ ·r 
82 1.0~ 8.08 266 7 
87 1.0~ 7.20 249 8 

0\ 
,· .11 6 

I-' 
.95 1.24 16 11.28 11700 

21 .19 11.01 7600 6 
25 .28 to.68 5180 6 
30 .39 10.29 36lf0 6 
35 .51 9.86 2490 6 
ifo .63 9.38 1690 6 
h5 .76 8.8.8 1080 6 
50 .89 8.34 714 6 
511. l.01 r( • 79 486 6 
59 1.13 7.22 350 6 
61+ 1.23 6.65 253 6 
69 1.32 6.08 210 6 
71; 1.39 5.52 175 6 

. 77 1.46 17 .18 21.11i 10900 6 
21 .27 20.70 7060 6 
2L~ .37 20.20 L~4oo 6 



•rABIE III. --Continued 

C\Ecm Pcm 8cm 
p2 

(11011 p) cm ( ct
2

a /dOdp) ~m Error in 
J. 

(GeV) (GeV/c) degrees (GeV/c) 2 
[µsr(GeV/c )l (µ b/sr(GeV/c) J 2 

(d a/dOdp)cm (±%) 

• 77 1.46 28 .48 19.63 2970 6 
":•") .61 19.00 2080 6 J~ 

36 .74 18.31 1Ll20 6 
1+0 .88 17.'5~ CJ.42 6 .. I 

i:i15 Lr1r 1.02 16.80 6 
47 J .• 16 15.99 400 6 
51 l.30 15.15 272 6 
55 l .l~ 3 ll.!. 30 191 6 
59 1.55 13.43 144 6 
63 1.67 12.56 114 6 

°' 23. 32 4400 6 
[\) 

,J.IJ. 1.87 21 .44 
21; .60 -22. 74 2340 6 
28 . 79 22.08 1280 6 
32 1.00 ~~ l. 35 725 6 
36 1.21 20.55 Lf03. 6 
LW l.h4 , 9 ·-1 208 6 J.. • ( 

11.!.; 1.6'( 18.81 113 6 
h7 1.90 17.88 6Lt.~ 6 

, " 9'' 39 • 6 51 2.13 ..... 1.). c:.. 

55 2.35 15.91.J 25.4 6 
57 0 4" 15.45 21.Lf 6 ... _) 

.29 2.01 21 .50 24.20 3390 6 
21+ .69 23.59 1610 6 
28 .91 22.91 857 6 

§~ 
l .11r 22.14 432 6 
l .lfO 21. 32 215 6 

110 1.66 20. If 3 lOI.[ 6 
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TABLE III.--Continued 

p2 "' llEcm Pcm a (lint. P) cm (dc.cr/dOdp)cm · Error in . cm .l 

(GeV) (GeV/c) degrees (GeV/c)
2 

[µsr(GeV/c)] [µb/sr (GeV/c)] 2 
(d a/dOdp)cm (±%) 

.29 2;01 411 1.93 19.50 54.2 6 
1+8 2.20 18.53 27.8 6 
52 2 .47 17.53 15 .I+ 7 
56 2. r-(2 16.51 10.3 7 

.13 2.·18 22 .69 25.35 2550 6 
21+ .81 25.01 1630 6 

r 26 .93 211 .66 1030 0 
23 1.07 211. 28 636 6 
30 1.20 23.88 389 6 0\ 

1. 31+ 6 w 32 23.h7 232 
6 31J. 1 11.q 23.03 141+ -. ~ 
6 36 1.64 22.59 93.5 
6 38 1.79 22. l~~ 58.2 
6 40 1.95 21. 6L~ 38.1 
6 112 2.10 21.15 ·~~ 9· '. I • 6 1~4 2.26 20.65 19.0 

1~6 2 .42 20.14. 1'3. 8 6 
4.S 2.58 19.62 9.82 6 
119 2.73 19.09 $.oh 6 

7 51 2.89 18.55 5.69 
7 53 3.oh 18. Ol 11. 53 
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APPENDIX I 

DECAY CORRECTION 

A computer program was written to determine a better 

approximation than using the straight forward decay method 

N = N
0
xexp(-t/r) (I.l) 

for the decay correction. The program considered the pos si.-

bility of a muon produced by the decay of a pion being coun

ted as a pion. Also considered was the decay of off axis 

particles. 

Pions are sent randomly through the s 1 counter (hence 

they may be off axis) and allowed to decay at a random time 

in their flight between s 1 and s
5

. This time is calculated 

by using the expression 

A = 

where A = random number between 0 and 1 

~ = half-life of n in the laboratory 

t = random decay time 

t1~5 = time of flight between sl and s5 

(I.2) 

At this random time, the pion is allowed to decay 

into a muon going off in a random direction in the pion cen

ter of mass frame. In the laboratory frame, the p·3.t}-: of the 
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muon is traced to the 3
5 

plane to see whether or not it is 

detected. In this manner, the percentage of muons hitting 

the 3
5 

counter is calculated. For later re.ference, we will 

call this percentage '!B". 

To find the total percentage of pions and muons hit--

ting s
5 

we note the following: 

exp (-tt_.5/T) = percentage of pions reaching 35 
.starting from target, 

1 - exp(-t1_.5/T) =percentage of muons produced be
tween s1 and 3

5
, 

[1 - exp(-t1_. 5/T)]xB =percentage of muons counted 
by s

5
. 

Actually we did not start from s5 but from the target so 

[exp(-tt_.
35

/T)]x[l-exp(-t1_.5/r)] 

= percentage of muons counted by s5, normalized to 

the target. 

The total number of pions and muons counted by 35 is given 

by 

The inverse of this expression is the correction factor. 





APPENDIX II 

Flab AND Slab CORRECTIONS 

The first step in calculating the Flab and Slab that 

were actually observed was to change the_ bending power, JB·dl, 

of all the ~agnets to their true values. For the C-magnet 

this meant no change. The fB·dl's of B1 and B2 were increased 

to account for the change i.n the effective length as the cur

rent changed. In addition the fB·d1 of B2 was further in

creased in the case of positive particles being detected. 

The reason for the further increase is that the DVM settings 

for B2 were calculated from graphs made when only ·negative 

particles were being detected. Since the magnetic field fer 

the same DVM reading changed with polarity, the JB·dl was 

wrong for observing positive particles. 

The next step was to trace a ray with the original 

Flab and Slab through the spectrometer. Since the actual 

total JB·dl was greater than the calculated JB·dl, the ray 

was bent more and no longer went through the centers of the 

s1 and s5 counters. Hence Eq. (15) would now typically read 

-1/3 widths ~ 6X ~ 2/3 widths 
,1 1 

(II.l) 

and similarly for the equation associated with the s
5 

co\.m

ter. These new condl.tions have the property of rr.oving the 
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the center of the phase space parallelogram from 6P = 0 GeV/e: 

and 119 = o0 to say, for example, 6P = .3 GeV/c and 68 = .1°. 

The new center values were added to the calcula.ted P
1 

, and ao 

e lab giving the.• true p lab and e lab. 

As a check, another program traced a series of rays 

which differed from one another only in small changes in the 

values of Flab and e lab through the spectrometer. The avera.ge 

values of Flab and Slab of those rays accepted were taken to 

be the true values. The disagreement between the two programs 

was less than 1.5%. 




