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. ABSTRACT 

UCRIr-19464 

We have performed a counte~park chamber experiment at the 

Bevatron to study the finer details of the n:n: (dipion) interaction 

exhibited in the reaction 

- + 
ff + P ~~. + n: + n 

at incident 1C momenta of 3, 4,4.5, 5 BeV/c. The momenta of the 

secondaries weremeaslired by a large aperture magnet spectrometer 

(60" poletip,23" gap Bevatron M5 magt:tE!t operated at '"'" 17 Kg). The 

track segments were s~pled by a set of optical spark chambers 

imbedded in the magnet. The design of thesclntillation counter 

array and the triggering scheme vetoed a.considerable fraction of n:p 

elastic events, events with one or more 1(0 '.s and events with more 

than two charged secondaries. We collected a'totalof 1.9 million 

pictures all of which were scanned and measured' by SASS (Spark Chamber 

Automatic Sca.nning System).· Of these, 1. 6 x 105 events satisfied the 

above reaction hypothesis. This sample is the largest so far collected 

in" any single experiment and is comparable to the bubble chamber 

compiliitions of all existing date. on this reaction. The results from / 
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the 3 ,and 5 Bev/c data for the fOrWard-backward ratio in the dipion 

decay and the &-wave phase shifts for iso-spin I=O agree well with 

published results from previous experiments. The density matrix 

elements of the dipionangulard1stribution particularly at 3 BeV/c 

incident n-momentum disagree with published results at 2.7 BeV/c. 

We do not believe that systematic errors in our experiment can account 

for this large difference. Our values for the density matrix elements 

are in better agreement with published results at 11.2 BeV/c incident 

n - manentum. The shapes of the differential cro-ss-section at 3 and 

5 ~V/c predicted by the one pion exchange model with absorption as 

put forth by Gottfried and Jackson agree well with our results. Their 

model is unable to explain quantitatively the obserVed variation of 

the density matrix elements as a function of t, the square of the 4-

momentum transfer f'ram the target proton to the outgoing neutron. 

The fits to the dipion ma'a distribution at 3 and 5 BaV/c lead 

. 0 
to consistent valuesf'or the ma.8S of P the . resonance; the widths are 

significantly different. For the 3 PJaV/c data the fits necessitate 

an additional enhancement at a diplon mass ~ 645 MeV with a full width 

r ..... 304 MeV. This enhancement could arise from an improper knowledge 

of the background and 1CN cross channel effects. The 5 BeV/c data doe,s· 

not have a perceptible contribution from this enhancement; however 

there is evidence of two other enhancements in this data - one at a 

mass"'" 936 MeV with a full width r ~ 47 MeV, and another at a mass 
, 

..... 1029 MeV with a full width l' ..... 27 MeV. The peak at 936 MeV is ..... 5 

standard deviations away fran the rest of the contribution and hence 

.' 
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sta.tisticallysignificant. It is unlikely tbatthis enba.ncement could 

arise frcathedecay of T}'(958) ... :n:+ 1(- y. The peak at 1029 MeV being 

- 3 standard deviations away, is on the border line of being significant. 

o Our est1lna.ted resolution of 22.5 MeV at the w mass leads to a negligible 

+ 
contribution from w -:n: :n:. The unwe1ghted data however indicates a 

non--negligible contribution from this decay for large values of t. 

The analysis of the data at 4 and 4.5 BeV/c incident momentum, now 

under progress, should reveal more details of the :n::n: interaction and 

substantiate the results a.t 3 and 5 Plav/c. 
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I. INTRODUCTION 

n - mesons have played a prominent role in our understanding of 

strong interactions ever s1n~e Yukawa(l) predicted the existence of 

mesons rram his model of nuelear forces. He postulated that strong 

interaction processes are mediated by n - mesons, similar to the electro-

magneticintere.ctions which occur through the exchange of photons. The 

discovery of the n - meson by Powell and his collaborators(2) came much 

later. In emulsion stacks exposed to cosmic rays they identified events 

associated with the deca.y of :I( - mesons. The advent of high energy 

accelerators opened up new possibilities for the study of strong inter-

actions. The high yield, at accelerators, of pions relative to the other 

mesons has led to a large u\Dber of experiments for the study of pion

hadron interactions (strongly interact£ng particles are referred to as 

'hadrons'). If we invoke the notion of particle exchan~s in the various 

rea.ctions then, the lowest mass hadrOll with the correct set of quantum 

numbers is expected to be the dominant exchange in a given strong inter-

action reaction. 

Interactions between :I( - mesons themselves are expected to yield a 

significant amount of. informatfon concerning strong interactions. However, 
. I 

due to the lack of n - meson tar~ets as yet, (3) one is forced to. study the 

nature of nn interaction either in the presence of other hadrons, or, in 

association with weak and electr6ms.gnetic processes. The la.tter alter-

native is of course a much cleaner procedure, since the corrections needed 

to extract the desired information are neg1egible. The recent development 

of high energy electron-positron colliding beams have helped significantly 

in the study of this interaction.(4) The data from these colliding ring 

experiments are as yet limited by the small cross-section for such pro-

ceases as well as the intense electromagnetic background around the 
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collision volume. Apart fran this interesting development another way 

to study the rt~interactionis in Ke4 deeays.(5) Even though this is a 

well understood procedure, limitations arise from the low yield and more 

significantly from the low mass of the decaying K-meson which restricts 

the maximum eriergy of the d1pion system. Therefore, one is tempted to 

use the information from th1sprocedure as a cros~heck and look for 

other possibilities. 

The only other possibility is to extract the ~~ interaction from the 

nN reactions involving two or more pions in the final state. The strong 

interaction between the nucleons and the pions, which is superimposed on 

the ~~ interaction, -' adds a great deal of complexity as well as a certain 

amount of ambiguity to the process of extraction. The prescription for 

the extraetion procedure was given by Goebel(6) and by Chew and Low. (7) 

They argued that the 'peripheralnN interactions! in. which very small 

4-mamenta are transferred fram the initial to the final nucleon would be 

dominated by the lowest mass hadron exchange, namely the n - meson. Since 

the nucleon is-a 'spectator' in such a process its presence can be accounted 

for through appropriate form fa~tors. In addition one can make an extra-

polation to put the virtual excha.nged·~"""IIle6on on the mass shell, the extent 

of extrapolation being quite SIIlIiI.ll. This is the well knOlin Chew-Low 

extrapolation procedure for the study of the n~ interaction. Therehave 

been many experiments(8) which have used this procedure for the study of 

the above interaction. All these experiments show the presence of the 

. known boson resonances, the p-IDeson being the most dominant. One curious 

feature in these experiments is the varying width and mass of the po meson 

depending on the momentum transfers between the nucleons.(9) Durand and 

Chiu(lO) proposed that this might be due to interference with an 8:0 

i, 
f 
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resonant ~tate hidden beneath the pO :resonance. No experiment as yet has 

seen an explicit S-waveresonance in the ~ass spectrum within the po 

region. Although there 1s evidence that the·S-waveT=O phaseshift pasSes 

o (ll) through a resonance slightly below the mass of the p , the large non-

resonant S-wave backgrouad imposes serious limitations on observing such 

a reSOllance - all the 1Il0ft so becaus.e1ts cross-section is, at best, very 

a . 
small relative to the P cross-section. 

With the aim of understanding these teaturesbetter, we set up a. 

counter-spark cheDer experlmea.t at the Bevatron and have collected a 

larger a_bel' of eveats o't the type 

- + n+ p ~ • + n + a, 

than all other experiments pt pe.r1"Qrme4. As a bY' product, we also 

recanted events of the type 

+ 
n + p ~K + K + n 
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II. EXP.ERDmNTAL SETUP AND DATA COLLECTION 

The dipion interaction exhibited in the reactions 

(a) 

has been studied by very many groups. However, in any individual study, 

the number of events collected has not been sufficient to study finer 

structures in the mass distributions and angular distributions. With the 

use of spark chambers the most accessible reaction in particular is, 

+ n + p ~ n + n + n 

The charged particles in this reaction allow not only a good momentum 

measurement but also a deflnte identification of the specific type of 

reaction through kinematic fitting. 

(b) 

The experiment at the Bevatron, during June-December 1966, wasspe-

cifically designed to obtain a high yield of events of type (b) at incident 

1(- momenta of 3, 4, 4.5 and 5 BeV/c. By combining a large aperture spectro-

meter using optical spark chambers and a selective trigger system, we 

achieved a high trigger rate for the desired events of type (b). The 

trigger requirements suppressed considerably the elastic channel 

n +p-+n +p (c) 

o as well as the inelastic n production channels 

n-+ p -+ n + p + m rc O (m ~ 1) 

-. -+ rc+ + 1(-+ n + III nO (m ~ 1) 
(d) 

As an added feature, the outgoing partic les were identified sci that· 

we could also study the reaction 

+ 1( +p-+K +K +n (e) 

A rc beam centered at one of the above mentioned momenta was allowed 

to impinge on a liquid hydrogen target. A beam spectrometer systeill, com-

posed of a scintillator hodoscope, a pair of bending magnets and quadrupole 
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doublets, and a pair of opt1~al spark chambers, . was used to measure the 

momentum of individual bealll. particles. Lead sandwiched between scintill-

tion counters partially surroWJding the target helped to veto a considera-

. . 0 
hle fraction of events associated with n:. 's. A pair of cOWlters around the 

target used as pulse height anal.7Zers helped to reject part of the elastic 

events an4 event~ with more than two charged particles in the final state. 

A second spectrometer system located beyond the target, and consisting of 

a set of four optical spark eb.ambers embedded in a large magnet (60" dia-

meter pole face, 28 ft gap, and a peak field of 17 kg.), was used to deter-

mine the momentum of each outgoing particle. Events with two charged 

particles in the final state vere selected preferentially with the aid of 

two sets of hodoscoped scintillation counters; one set be1n.g placed at the 

entrance and the other at the exit of this spectrometer. '!'he nature of 

the seco1ldary (Jl or K) .. as recorded vi th the help of a pressurized Freon 

Cerenkov C!ounter located further d.ownstream. The events were recorde<l on 

film which was later scalliled and seasure4 asing the 'SASS' autO!lS.tic 

scanning system. 

A quantitative summary of the d.esign and operating features is 

given in Appendlx A. 

A. Be .. -
F1«ures 1 (a), (b) show the layout otthe beam at the Bevatron floor 

, ' 

and its optical analogue. Then- beam, produced. from. a copper target at 

the EPB (External Proton Be_) f()(l!us, is focused onto theliqu1d hydrogen 

target by 1I1eans of a double focusing tra.asporl system. The hodoscope BH 

at the first focus of the 1[- beatl 1sra&de up of 28 counters, each 1/4" 

wide x 1/2" thick (along the beM) x 6.7501 long scis.til1ator viewed indi

vidually by a IP21 phototube. The Cereq,kov counter ~B differentiated inci

dent 1(-'5 from K-'s. The beam.trigger requirement demanded that this 
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counter be in coincidence with thebea. counters Sl' S2 al1d the beam 

hodoscopeBH, along with the countersBA. and DSA (downstream anti-counter) 

in anti-coincidence. The observed. 92" efficiency of ~B along with the 

large flux, at our energies, of' n:-'s relative to K-fs lea4a to an ex

tremely low probability of misinterpreting an inciden K- as alt. Since 

we are not using the data withincidentK-in our analysis, the inefficiency 

of the Cerenkov counter ~B has no significance. 

and 

The beam hodoscope in: association nth the beam spark chamhersBl 
+ B2 enabled us to measure the momentum of incident piODS to- 0.4%0 

\ 

Figure 2 shows a sketehof the target assembly. The liquid hydrogen 

target (3" diameter, 12" long) was sur:rounded on the top, bottOil and, 

upstream left and right sides, by a lead scintillator sandwich (1/2" 

scintillator on either side of 1/411 Pb - a total of loll radiation lengths 

for normal incidence). This sandwich ("qat anti abele4 as TA in Fig. J) 

serves to veto a considerable traction (""2~) of events associated with 

a a n 'so Since at our energies the It fa come off from the target at ~mall 

Q." angles relative to the plane of the lead sandwich counter, they traverse 

two to·· three times the material afforded at Dormal incidence. The inner 

target counters rSL,ISR (Fig. 2) served. a two-fold pllrpose - (a)' to 

select preferentially events with only tyO lIinimum. ionizill€ particles 

coming ou.t of the ta.rget, ao:d, (b) to reject events with recoil protons 

having a momentum. iii 600 MaV/e Leo, 1I10re than twicemin.imum ionizing 

(most of these are from the forward elastic events). These two scin-

tillators were hence designed. to have a sufficiently u.niform res.ponse 

(J 
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over the entire area alldto allow pulse height discrimination. To reject 

protollB the discriminators were set at 1.8 times the minimum ionization 

pulse andthe·electronic logic was arranged so that none of' the desired 

two-prong inelast1c·events were rejected. 

Co DiDo.on Spectrometer 

The availability of the Bevatrcin M5 magnet (60" pole tip, 23" gap) 

allowed the construction ~f a large aperture spectrometer for measuring 

the lIollentulII of the chaJ!a_ secondaries. The magnet was run at a peak 

field 01'17 kg. The spect::rom.ter asseably i.sshowu in fiC. 3. The 

entrance aperture was defined by a pair of 6 channel scintillator hodo

scopes. Each counter in these two arrays WI!lS 15" long, 2" wide and 1/8" 

thick (alo~g the beam). 1he 26 channel rear hodoscope RH, together with 

the two large counters ~ awl R~, define the exit aperture of' the 

spectrometer. RHconSi.te4 of two sets of 13 counter .. , on.e above and 

the other below the sed1atl plane. Th.e gap between 8UI.7 two adjacent count

ers in each of these two sets aDd between. the two sets themselves, due to 

the thiclmess of the wrappl~ on these counters, resulted in a negu.egible 

loss of'aperture. Each of the counters in RH was 18" lOllS and 1/4" thick. 

The two counters at either end of'each set were 6" vite, the counters in 

the middle being 4" wide. '!'he sizes of' these counters we:re chosen so as 

to have a neglegibleloss, in trigger rate, due to two charged secondaries 

passing through the same cQUnter. The exit ring counters ER above the 

target vetoed low momentum particles which were reflected by the magnetic 

field. The downstre8.11 anti-counter (DSA) vetoes priur1lT the beam par

ticles which did not interact in the target as well as the n-'s from the 

forward elastic cone. 
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The essential details of the electronics and the trigger logic. is 

shown in Fig. 4. The triggerdesanded: 

1 beam particle (51 + 82 + 1 counter in BH + C
B 

+ M + DBA) 

AND (i) 1 particle in IS
L 

and 1 particle in IS
R 

OR (i1) .~ 2 particles in IS
L 

and lONE in ISR · 

OR (iii) ~ 2 particles in IS
R 

and NONE in 1SL 

AND 2 particles 1n (ES
L 

+ ESR == ES) 

AND 2 particles in (RH + R~ + R~) 

AND NONE in TA 

AND NONE in JR 

SparkC~bers : 

·Th.e main features of the designaad operation of the optical spark 

chambers 1s listed in App6\adix A, Table lAo The beam ahambers Bl and 

B2 were 4 gap~ aluminium fc;;il chambers. The spark chambers located inside 

the magnetic field were designed to afford the minimum possible material 

in the path of the secondaries. Challbers 2, 3, 4 (Fig. 5a) were 'foam 

plate' chambers~ll) while chamber 1 (Fig. 5b) was a hollow plate chamber 

Each of the chambers 1, 2, 3 had tout .gaps whereas ohamber 4b.&d six gaps. 

The total material in the path of the secondaries due to each of the 

chambers 1,2; 3 was equivalent to - 0.023 radiation lengths. Cha!llber.4 

afforded a total material equivalent to ~ 0.031 radiation lengths. 

Six fiducials were firmly attached to each chamber - three on the 

top 1 view. and three on the side view. These fiducials served to locate 

the individual chambers on the film for the automatic scanning system 

which was used to 'measure the film. Two sets,of grids per chamber ( one 

for each view) rigidly attached to the magnet served as a calibration for 

~I 
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spatial reconstruction of the events.· The chambers were viewed by the 

camera through a series of care:f\llly designed mirrors (Fig. 6). The net 

combined dhtortiondue to all the mirrors in anyone view amounted to 

:5 0.3% (~ 12 mils. for a 4"separation betwen adjacent grid marks). The 

entire opt1C!al system, gr14s an" f1ducials were designed to simplify the 

task of the automatic scanning system. 

Proper alignment of all sinors aad chambers was achieved by using 

a. laser source in place of the coers. unit. 

The high magnetic field. of the_tenet M5 causes a considerable beo.ding 

of low mom:entum secondarieS. Hea.ce a considerable fraction of the triggers 

is composed of events in which one of the secondaries pass only through 

the spark challbers land 2 within the lIaglletic field. A good mcment~ 

measurement on these secondaries is directly related to how well we can 

measure the position and orientation of the tracks in the chambers. If 

we were to use an electric clearing field to clear old tracks, the (E x B) 

staggering of the sparks in the adjacent gaps of the ch&rl1bers would lead 

to a poor measure.ent of the tl"acks.'l'he alternative of using an electro-

negative gas to clear old tracks was henee adopted.. Af'ter extensive tests 
.. (12) 

on a prototype chamber, a gas mixture of 9cY/o neon, 10% helium and 

45 pps (parts per million) of Preon-12 was used in chambers 1, 2, 3 and 4. 

Chamber 5 and the beamch8.lllbers Bl and B2 lilsed theneon-beliwn mixture 

without the Freon. The beUl ohambers were operated with a 50V clearing 

fiell! while chamber 5 had a. lOOV. clear1Jlg field. A 20V clearing field 

was used on chamber 1, 2, 3 ao.d 4 in o:rd.er to clear the Freon ions, and 

resulted in a negligible stagering of the tracks. The 18 KV high vol-

tage pulse for firing the chambers was limited to a wid.th of 30 Ns by a 

secondary "crowbar" spark gap. This eliminated. spurious breakdown in the 

chambers. 



- 10 - UCR~19464 . 

The efficiency of each of the cha!!1bers for two track events with at 

least 3 sparks on each track was very close to 100% for the time delay of 

320 Ns between the passage of the particle and the firing of the chambers. 

The rear Cerenkov counter' ~K and spark chamber 5 were used for the 

. .' + 
detection of outgoing K-'s. The Cerenkov counter was designed so that 

differentiation between charged n' sand K's (with lDomenta ~ 1. 5 BeV Ic) 

was possible over the whole range of permissible.angles at the exit end 

of the spectrometer. The secondaries which do not pass through the rear 

hodoscope RH and the Cerenkovcounter ~K,a8 well as those which interact 

ei ther in the walls of' tM.s Cerenkov counter or ahead of it, would be re-

corded as K'so To eliminate this possibility spark chamber 5 was incorpo-

rated so that we could select only those events which gave a K- signal in 

. the Cerenkov counter and had at least one non-interacting secondary pro-

ducing a track in this chamber. This procedure aided considerably in 

+ -selecting a cleaner sample of' IlK K events. Corrections are of course 

needed to account for· the K's which decay in flight. 

The data box, which was photographed along with the spark chambers, 

contained the run No., the frame No., the particular beam hodoscope 

triggered, the nature of the beampart1cle (n:- or K-), and the response 

of the Cerenkov counter ~K. 

The trigger rate was -5/pulse and each run was terminated after 

1,000 frames. At the beginning and at the end of each run the chamber 

f'iducials, the calibration grids and the data box f'1ducials were exposed 

so as to have a constant check on chamber and mirror locations and camera 

magnificationo 

A constant check wa.s maintained on the counting rates of all cORnters 

as well as their appropriate combinations. The high voltage pulses on all 

the chambers and counters, the flow rates of the neon-heliu:n mixture and 
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Freon, an4the magnet cu.r~t;. were cheeked every hour and corrected tor 

any drifts. In addition tbe Dormal running was interrupted approximately 

every 10,000 triggers to run non-interacting beam particles all the way 

through the system - one l"Wl (- 500 frames) with the M5 magnetic field 

switched oft and another run with the M5 field on, The first run gave 

local c:orrections for the cbaaber locations an.d the latter was .used to 

check. on the central moaentum of the bem. 

At<the beginning ad. at the. end. of the experiment the magnetic field 

was mapped in detail (0.3% accuracy). !he chamber locations relative to 

the center of the M5 mapet were also uasured (to! 1/641t
). The two sets 

of measurements agreed well within the precision of the measurements. 

Figure 7 shows a photograph of the calibration grids and fiducials. 

In both views and for each chAmber, the gap with a fiducial mark. at each 

end indicates the first gap tne particles pass through. The last gap is 

indicated by the associated single fiducial mark. Figure Be. shows a two

prong event which is accepted by the scanning system as a 'good' event, 

while the background events in 8b and 8c are rejected during scanning 

since they do not satisfy the • two-prong , criteria. (See Sec. IILA.) 

The event f?ames have only the data box :t'1ducials as reference marks. 
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III. DATA PROCESSING 

An outline of the main stages of data processing is indicateJ. in 

Fig. 9. 

A. Scanning and Measuring 

The film was scanned and measured on SASS (SPARK CHAMBER AUTOMATIC 

SCANNING SYSTEM) , which is controlled by a DDF-24 com.puter. The 

scanning system is basically a computer-eontrolled cathode ray tube 

which can position a spot of light anywhere on the film; the transmitted 

light is measured by a photomultiplier tube. The background due to 

noise on the fi~ is rejected by ensuring that the pulse heigbt from. 

the photomultiplier should be above a preset threshold. Whenever a 

dark spot (spark or fiducial) is encountered on the film during the 

scan, the computer records the position of the spot rel.ative to the 

origin of the scan line, as well as a digitized intensity and width. 

The information on the intensity and width is used to match the tracks 

in the two·views of the chambers. The positions of the accepted sparks 

are displayed on a second cathode ray tube for visual monitoring. A 

light pen associated with this display system is used either to scan 

selected regions on the film or to instruct the computer to accept 

or reject a particular fiducial or spark. An optical projector 

displays the frame on a screen and allows the scanner to examine the 

film when necessary. 

The least count (1 SASS UNIT) of the system is 6 microns on the 

film (corresponds to a spatial resolution of 0.3 mm) for the scan 

direction perpendicular to the edge of the film. In the direction 

parallel to the edge of the film (1.e., along the gaps in the side 

views of chambers 1, 2, 3 and both views of Bl and B2) the least count 

Jj 

.. 
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is 9 microns on film. 

Unlike raster scans, our system could. be programmed to scan a 

single line along'each spark chamber gap on the film, whose positions 

were obtained f:rom the grid and fiducial exposures. Having positioned 

the grid frame in the f'ilm transport syst,em, the light pen associated 

with the display system is used to scan selectively on the screen entire 

regions 'which contain the fiducial aJld poid arks a.nd display all the 

dark patches on the film within this region. The fiducial marks are 

then picked off with the use of the light pen and the computer record.s 

their position coordinates. These f1ducials determine the start and 

orientation of the scans aloo& each of the gaps or ac~oss the grid marks. 

The relevant information about this entire frame is punched out on paper 

tape to be re-used with the specific run. as and when needed. The coordi

nates for the fiducials on the various chasbers as well as those on the 

data. box are retained in memory 80 as to cross-check and set the origin 

of the scans for the individual gaps of the chambers while scanning 

event f'rames. 

Having obta.ined the data for specif'.yiagthe scans, the system can 

now be set to advance in a semi-automatic fashion - i.e., automa.tic except 

for manual interruption when the cO!lputer needs help for some part of the 

decision-ma,king process. The data. box fiducials on each frame are measured 

first and the origin and orienta.tion of the scans for the individual gaps 

of the various chambers are correctedl1nearly using the grid frame as 

standard. These shifts arise from jitter in the sprocket holes and the 

consequent differences' in positioning of the film. In case the mean sh1ft 

of the data box fiducials is larger than 10 SASS UDits, the frame is either 

rejected or the ,last grid frame in the run is measured to check whether 
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most or the frames agreE! with it wUhlll the set tolerance limits. 

During the running or the experiment care was taken to end a. run prior 

to any-,expected movements of the camera or the rest of the apparatus. 

Thus, in most cases the two grid. framed agreed. with one another very 

well. The run and frame nUllbers, the nature of the beam particle 

(n - or K-), the specific beam hodoscope triggered and the nature of the 

outgoing particle(s) as indicated by the downstream counter ~K' are all 

recorded rrom the data box neon light pane 1. 

The program then scans each spark chamber in order. 

Each position measure~nt of a spot involves a set of three equally 

spaced scans across the spot on the fila; the mean of the three center 

values is taken as the position of the spot. This helps to average out 

distortions in spark shape. 

The conditions for aecepting a.n event are: 

1. One and only one beam hodoscope triggered, 

2. Only one track in each view of each beam chamberJ 

3. Only- two tracks in each of the chambers 1 and 2. In case the two 

4. 

tracks overlap in one of the two views, say, the side view of chamber 

2, the top view of this cham.ber should have two distinct tracks; 
-1 

Any-track with a projected inclination larger than (tan 2) radians 

relative to the ~ormal to the gaps is rejected. These tracks are due 

to verY low momentum electron tracks which bend around in the Blag-

netic field or due to particles which scatter from the magnet yoke; 

in addition, due to the large inclination multiple sparks are pro-

duced in a single gap and in such cases the·track orientation is not 

well defined; 

l.!,..1 
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5. The two tracks in the end view of chamber 1 had to converge within 

6. 

a reasonable cUstanee trOll the liquid hydrogen target. This con

dition eliminates baclqp-oWld from interactions upstream of the liqu.id 

hydrogen target as well as stray-beam partie les; 

Downstream of chamber 2, the total nusber of tracks in aA7 given 

chuber had to be equal to or less than that in the preceding cbamber. 

This criterion helped to reduce background from interactions in the 

chambers and particles which scatter from the magnet yoke. 

The sparks on each track in each view of a chamber were fitted 

to a straight line. (Due to the raagnetic field the curvature of the 

particle trajectory within a chamb<2r is sufficiently SMall over the 

accepted range of part1cle Jl.OIIenta.). To reduce the background due 

to li'purious sparks and confusion among sparks which belong to different 

nearby tracks; the maximum deviation of any particular spark from the 

fitted straight line WllS preset for each view of each chamber. In 

944ition, the minimum llWIber of spark.s on a track was also preset. 

If the sparks in. a traelt 'eviate more than the preset maximum the 

program calls for help, and at the same time d1splays on the second 

cathode ray tube all the sparks in the particular view. By looking 

at the film, the seaoer ROW deletes with the Ught pen the sparks 

which are not part' of the particular track. I~ the number of sparks 

lef"tafier this process is smaller than the allowed minimum for the 

particular chamber, the track is deleted fiolD that view. The average 

'. frequency with which help was called varied fro. once every 5 frames 

to once every 20fra!esdepending on the qua 11 t;y of the film and the 

e:f'f'iciency of the chambers and the beam conditions when the fiill was 

exposed. Help was called primarily in cases wherein: 
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(a) Multiple sparks in a gap lead to track robbing, 

(b) Breakdown at the edges of a chamber result in poor multiple 

trackefficiel1cy, 

(c) The tracks are very near in one view so that the sparks coalesce, 

(d) The twotrackB are superposed in a particular view, 

OR (e) The sparksl.ll.:re taint in one of the two views, 

OR (f) Dirt on the film fakes a spark! 

While scanning the calibration runs with single tracks, each 

chamber had to have only one tracko 

The average time for scanning and measuring a :frame, including 

the cases where help was called, was - 2 sec. The measured in·formatioll 

for all the events wasrecoi'ded on tape. Repeated sampling and scanning 

indicated that the scanning inefficiency for two-prong events is negligible. 

The maximum drifts for repeated measurements were. 1esis thanlSASS unit. 

A specially prepared filmw1th a precision grid was measured each day to 

check consta.ntly the linea.rity of the system and possible drifts. The 

nonlinearity arises from: 

(a) The mirror distortions in the experimental set up, 

(b) The nonlinear! ty of the scan due to the cathode ray tube, 

(c) The aberrations in theopt!cal setup used tor scanning. 

The overall nonlinearity in the system amounted to less than 

O~3% as measured from the known 4" spatial separation between the grid 

marks (;i 12 mils in 4"). 
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The film coordinates of tbeaparks (aslI1easured by SASS) must now 

be traasformed into real space coordinates. The 'Far Gricl.s' - (Fig. 10) 

are set as the local reference frame for each chamber. Using the tNear 

G:r1ds 1 'We can compute the projected· slope, in real space, for the optical 

rays ree.eh1ng the camera hom aachof the grid marb Olll the far grid. 

Thus, g1'Tell the £'1lm cooN.1nates for a spark, we call now find by linear 

interpolation frail the nearest neighbors the projected coordinates and 

slope~ - (YF, tan eH) aBd (~, tan ey ) (ng. 11). If (X,Y,Z) are the 

3-space coordinates of the spark, then :tJ'Qm. the £'1gure 

Y-Y , 
tan eH = z::z

g 
( i) and 

z-z F tan e ""y y-y 
g 

( 1i) 

Since Yg ' Zg (see Fig. 11) have been measured" we can solve (i) and (11) 

for Y and Z. Also from tlle known X-values for the different gaps we can 

fit the sparks in a given chuber to straight lines in the XY and XZ 
-+ 

planes, and obtain the vector X == (x,y,z,tJ,9S) for each of the track seg-

ments observed. (x,y.z) are the position coordinates and (B,¢) give the 

orientation of the tracks. The corresporuUng error_trices are obtained. 

using linear propagation ot errors 

c. Orbits and l\tC)Senta 

The two trajectories through the spark chambers are 110W to be 

synthesized from the track segments in the iad1 vidual chambers •. All 

possible links connecting the track sepents in adjacent chambers are 

set up (resulting in a '~I . structure). A convexity test in the XY 

plane 4.emanding that 8+ e
12 

e2 be a monotone (Fig. 12) separates the 

segments into two groups. An initial guess of the link momentum is now 

obtained. by allowing perturbations on a circular orbit in the magnetic 
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field. A field expansion of the torm, 

( ) 
. n n . 2n 

Bz u = 8,1 + a2 sin ""2" u + a3 cos 2" u +a4 Sln "2 u 

where u is a path variable (u == ~ 1 at the emd po1Elts of' the arc) was 

found to be best-suited. 

The equation, 

£tI(u) + £eu) = 1 +!B. B eu), 
p z 

for the radial perturbation e, is solved by the method of undetermined 

coefficients. . (Appendix B .. ) 

A particular solution of the form 

n n . 2n 
t(u) = c1 + c2 sin '2 u + c3 cos 2" u + c4 sin T u 

+ is assumed. The link momentum p is obtained by forcing ~(- 1) = 0 along 

with a1- fit of ~ t (!: 1) to the angles of the track segments. The sign 

of the momentum (charge) is the same as the sign of the curvature. The 

estimated momenta of the adjacent links are now used to p~une the 'TREE' 

structure obtained earlier and thereby obtain the estimated ~omenta for 

-+ 
the two trajectories. The trajectory parameters u(x,y,z,B,¢,p) for each 

particle are now refined using the estimated values as initial conditions 

in an interative Newton-Raphson procedure and solving the differential 

equations of motion . (Appendix C). The derivatives needed are obtained 

by computing orbits through the magnetic field region. When the trajectory. 

.. 

-+ -+" 
parameters u converge within prescribed limits the coordinates U o (x,y,z,e ,¢,p) 

at the point of closest approach to the beam are calculated. 

D. Beam Momentu.m 

The position of the incident bea.m particle at the first focu~ (as 

determined by the beam hodoscope) in conjunction with the direction and 

position of the beam particle (the center of the first gap of beam chamber 
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B2 is taltenas the x-reference) determine the beam momentulIl for each 

event. The central momentum p for beam pa.rticles passing along the 
·0· 

axis of the beam spectrometer system and its orientations e relative o 

to the axis of the diboson spectrometer are .obtained from the cali

bra t1onruns(13) (Appetldix D). The absolute· scale for the momentum is 

determined by the spectroseter magnets. 

E. vertex and Kinematic fits 

An iterative i - mitlimlzation procedure involving linearized con-

straints is adopted to find the vertex coordinate and the momentum vectors 

of the charged particles as well as the neutron. 

follow the procedures out l1nedby SOlmitz(14) and 

The programs closely 

Bock~15) The kinematic 

fit demands that the events satiSfy the hypothesis 

(b) 

In both the fits a max1l!l1Iil of ten 1terations is allowed for the i to 

. ~ 

converge. The kinematlcf'1.tting program determines the Lab momenta PLi 

of all the particles in the above reaction .l!Lnd, depending on the dynamics 

of interest, these can be transformed to the desired Lorentz frame. 

F. ~tectioD Efficiencl 

One more piece of information is needed before we invoke physical 

models. This is the detection efficiencY of the apparatus for a given 

topology of reaction (b) above. As in many of the other spark chamber 

experiments studying this reaction, we could. resort to a Monte-Carlo 

procedure to determine these efficiencies. There are a total of 9indepen~ 

dent variables in this reaction: 

EO:. the' incident beam energy 

(x,y,z): the vertex coordinates within the target 
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t the 4-momentUlll transfer from the initial to the final 

nucleon 

[l).1{:Jt! tp.e dip10n Blass 

B the j(-1C scattering 
j(j( 

angle in the dipion rest frame 

¢TY% the Treiman-Yang angle 

¢pR: the azimuthal orientation of the production plane in 

the lab. system 

Hence, if we were to use just 10 random numbers for each of the 

8 
variables, we would have to generate 10 events at each energy! In 

addition to the computer time 1nvolvedhere, binning and rebinning the 

events at different stages of the analysis· would also involve a signifi-

cant amount of computer time. We therefore adopted the following pro-

cedure. 

Since the target and the incident beam are unpolarized, and the beam 

particles are parallel to one of our reference axes, the cross-section 

fordipiou production is independent of the azimuth ¢pR around this axis. 

" Hence, we· can.obtain the a priori probability of detecting an individual 

event with a known topology by rotating the entire event about the beam 

axis and computing the range of azimuthal angular acceptance for both 

Pions.(16) This can be expressed as the overlap of the angular intervals 

of acceptance for each of the two particles with the given relative 

azimuthal angle. For particle momenta· greater than - 500 MeV/c the limits 

of the accepted angular ranges were expressed as a polynomial in P and e, 

where P is the momentum of the particle andB is the angle between the 

beam direction and the direction of motion of the particle of interest; 

for smaller momenta a look-up table was used. Reflection symmetries 

associated with the change in sign of the charge and magnetic field 
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introduce some siap1ifieation in the computations. The aSFmmetry of the 

apparatus above and belOw the median plaRe prohibits add1tionalsimpll-

cation. TheazilDuthal angular intervals so obtained depelld. on the ver-

tex coordinates (x,y,z) within the target. Since the dynamics is indepen-

dent of the interaction vertex, we can now average over tne target volume. 

The average azimuthal intervals 1"01' each secondary pion are computed 

over a target volume which has a cross-sectiol'lal area equal to the half-

width of the incident beam. Wew1l1 denpte the two sets of averaged 

angular intervals for the two pions as i ~ A+ ~'1 fiII~ ~. 
The DBA (downstream atiti-counter), and TA (ta~t anti-counter) 

which has a non-negligible croBS-section for I'leutron interaction, intrc-

duce a441tlonal c:orreetloi1s to the e:t'tt4e1ic;r~ Slriee the DBA has a 

small aperture around the central beam 41rectlon at the exit end of the 

diboson spectrometer, its contribution aen be analytically accounted for 

through an impact parameter repre·eentath;ln in Ii uniform cylindrical 

field. (11) For a particle with !IlomentUl!l1 P and angle e relative to the 

beam direction the beIid,ing angle t3 can be expressed as a finction of P, 

c and h, where c is the impact parametel!' and h is the vertical height 

above the median plane at the point of closest approach. Any non-uniformity 

of the magnetic field is aocounted 1"or through a perturbative approach. 

Kilciw1ng ~ and e we can fint the equation to the locus of the point on the 

particle trajectory at the plane of the DSA counter, for the entire range 

of az1Jluthal angles around the beam d1r~ction. The points of intersection, 

if any, of this curve and the boundaries Cf the DSA counter give the limits 

for the angular range within which the particle hits DSA. Let us denote 

bY1¢D ++ ' 1¢D -t the pair of sets for the angular ranges which exclude 

the regions in which the particles hit DIM. The overlap of all four of 

".,,.,.,, .••• ...:....A.i. 
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efficieIlCY for the particular event Is 

I:~ 

411 = 121£1 where 6¢i is the ith allowed range in1¢}' The 

corresponding set for the neutron 1¢ntand its polar angle Bn relative 

to the beam are now known. The probability of interaction for neutrons 

at normal incidence is assumed to be independent of energy which is 

> valid only for neutron kinetic energies _ 100 MeV Ie. ( The uncertainty, 

in the energy threshold of the neutrons detected by the target anti-

counter TA, as well as in the shape of tiaecurve for detection efficiency 

vs neutron energy at low energies «< 100 MeV/~) leads to syste!l18.tic 

errors of .... 8% in the detection efficiency). Any variation in efficiency 

is hence due to the different angles of incidence on the lead sandwich 

(18) 
counter. The average neutron ineft'iciency i for the allowed azimu..:. . . n 

thaI ranges now leads to the final corrected average efficiency 

E == E e: 
o 1 n 

The efficiency has now beeu. averaged over the vertex coordinates and the 

orientations of the dtpion production plane. At each of the incident 

momenta, we now have a set of average efficiencies depending only au the 

dynamical variables t, m ,e , ¢ • rrrr TIll . TY 

Due to the large amount of data we have it woul~ be expensive and 

time consuming to compute the individual event efficiencies. We can, 

therefore take advantage of the fact that the efficiency varies slowly 

and uniformly over a large part of the allowed regions in the dynamical 

variables we work wi th- namely, t, m, e '¢rmr (the.eff'1e1encl' varies . . nn rrrr ~~ . . 

rapidly very near the regions with zero detection efficiency; however 

these regions are excluded in our analysis and results in an insignificant 
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loss of the data). We compute the efficiency at specified points in a 

4-dimens10nal mesh involving the above-mentioned dynamical variables 

and use average efficiencies in each cell of the mesh in place .of in

dividual event efficiencies. The data is also binned. in the correspond-

ing cells So that we invariably deal with cell averages and. ensembles 

of cells. The cells are of course chosen small enough so that uncer-

tainties in the final fitted distributions do not arise primarily from 

large cell sizes •. 

A Monte-Carlo program was also written to compute the efficiencies 

and to serve as a cross~check.. The results· from the two procedures were 

tested on a small subset of the data and agreed very well. 

G. Sl~tematic Errors 

The systematic error in the efficiency comput.ations for low neutron 
.< 

energies is - 8%, as mentioned in the pJeV10UB section. The errors due t.o 

inefficiencies in the scanning as well as due to inefficiencies of the 

spark chambers for detecting two-prong events is negligible; the loss due 

to a beam track superposed on a good event is also negligible. The ineffi-

ciency in the triggering of two-prong events due to finite sizes of the 

counters in the hodoscope arrays ES and RH is less than 0.5%. The trigger 

ineffiCiency for two-prong events of the desired type due to the pulse 

height criterion on the counters 1S
L 

and IS
R 

could not be determined well. 

These counters veto, if at all, events in which one of the two secondary 

pions has a relatively low ~omentum. However if these pions are reflected 

by the magnetic field, they are already accounted for in our detection 

efficiency computation. A pessimistic estimate for the systematic error 

< in the trigger due to these two counters is - 1%. The cross-sections we 

obtain indicate that the overall systematic errors are less than 10%. 
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IV. RlSULTS 

We will first discuss the salient features of the lUlweigqted data. 

Consider the reaction 

+ - 0 :J( p -+ :J(:J( x 

or 1 + 2 ~ 3 + 4 + 5, 

. '.1 
(a) 

where xO is the set of all neutral particles which are undetected 

in our system. The,inyar1ant mass of the neutral system X
O (missing mass) 

is given by 

where 

2 m x 

"" (ElL + JIlp)'~ + m!:J( - /PlL/ 2 
+ 2 PIL • (P3L + P4L ) 

+2 (ElL + mp) (E3L + E4r) 

EiL is the Lab. energy 

-+ I th 
P iL is the Lab. :}-momentum, I of i particle 

mis the mass of the proton 
p 

(1) 

and m;~ : (~3 + ~)2, gives the invariant mass of the dipion system. 

. 0 0 0 If X is a neutron then m = m where as for x = n + :J( . m will vary from 
x n ' x 

the threshold m + moo:: 1.075 BeV to the kinematic limit. In our ease n :J( 
o the kinematic fit constrains x to the neutron mass. The unconstrained 

2· ' 
missing, mass spectrUm for different cuts on the X for the constrained 

fits is shown in Fig. 13. The huge neutron peak is clearly seen 

indicating that most of Our events are of the type 

+ :J( P ~:J( :J( n (b) 
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The width of the neutron peak reflects the resoluti.on in the incident 

and outgoing momenta. 
0; 

The efficient vetoing of 11: '8 as well as additiona.l 

charged :rC I S suppresses considerably the events with a.dditional 1(' s. The 

events in which one or both of the secondary pions pass through only the 

2 chambers 1 and 2 have larger values of X due to underestimation of the 

input errors. Since these form a considerable fraction of the events the 
2· . .. 

X distributiori. extends to large .va.lues, even though the observed distri-

bution agrees well with that expected for a l-constraint fit.( 31) To 

achieve a good separation from the background we now impose cuts on tbe 

X2 (50 at 3 Pl=V/c) selected pr1Iila.rily on the empirical missing mass 
.•. 2 

distributions for different X - cuts. [See Fig. l3J with these cuts on 

2 . . 
X , the contribution from events with missing mass ~ mn + mno (1.075 Pl=V) 

is negligible.] Correction for rejected events adds an estimated systematic 

error of 5% in the absolute normalization of the differential cross-

section. For all subsequent analysis the sample of events with these 

2· 2 . 
cuts on the X for the kinematic fit will be used. Since the X analysis 

is used only to get as clean an event sample as pOSSible, the errors on 

the different variables are not propagated in the analYSiS, and the 

2 individual X -values have no further signifieance. 

Figure 14 shows the Wlweighted dipion mass distribution at 3 and 5 

BeV/e.The peaks due to the well established resonances pO and f O are 

seen. clearly. The fO intend ty is linli ted at the lower incident momentum 

(3 Pl=V/c) by phase apace. One of the main points to note is that the 

+-
total number of n: 1( n events is the largest so far collected in any single 

l' 

experiment and is comparable to the total bubble chamber compilations on . 
c . 

this reaction. (19) The sbapes of the pO and f O resonances seen here and 
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the ratio N(fo)/(N(p o ) are distorted due to non-'l.miform detection 

efficiency. Figure 15 shows the"unweighted scatter plot of m2 valtl, 
1U{ 

where t is the square of 4-momentum transfer from the target proton (at 

rest in the lab.)" to the neutron a.nd is defined as 

= m 2 + m 2 _ 2m E " = (m """ill )2 - 2m T '" - t:,z 
p n p nL n p p nL 

( 2 " ) note that t is space-l~e so that ~ > 0 (2) 

The significance of this plot beCame evident through the 'One pion 

exchange' (OPE) model put forth by Goebel(6) and Chew and Low.(7) (This 

plot is often referred to as the 'Chew-Low plot 1). They pointed out 

that, in an: &-matrix approach, one can picture reaction (b) to occur 

through the process shown in Fig. 16, where in a known amount of 4-

" momentum is exchanged betwe'en the bottom and top vertices. In a non-

relativistic Yukawa type potential model 

"exp( ""1lir) 
V(r) .... 2: 

"i r 

where ~i is the mass ot' the exchanged particle in natural units 

(6 = c "" 1) the Fourier tnwsform of the amplitude leads to a 

'propa.gator function' 

1 
r-J L 2 2 

1 ~ + ~1" 
"" (4) 

Hence the amplitude should have a pole at ~2 = - 1-12 or ~ == + i I-l-" It 

is also apparent that the dominant contribution is from poles nearest" 

the physical boundary, 1.e., small~. For the lowest angular momentum 

states involved, the t channel (see Fig. 16) quantum numbers are those 

of the pion (JPG = 0- ~). With these plausibility arguments the above 

i 
: 
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authors conjectured that the exchange of a virtual pion could explain 

the details of the interaction •. With a pure ~-exchange the reaction 
.. 2 

should be dominantly peripheral (smal.l ti. ). This feature has been 

observed, at least qualitatively, by many previous experimenters and in 

other reactions as well. As !leen in Ftg. 15, this feature is evident 

1nthe whole range of ill ; the solid curve represents the kinematic 
~J{ .. 

boundary. The unweighted density of points along It I and along m2 
~1( 

fall more steeply with It I and m
Z than the corrected gradient due to 
1{:J{ 

decrease of detection efficiency with It I and ill 
1{:J{ 

The sub-sYlltems (1( +n) and (1(-n) aze a.lBo of interest in the analysis 

of the final state inten,ctions. Figure 17 shows the unweighted 

histoa-rams for the effective masses m + and ill -. The autgoing ~ , 
0'" :n:n ~ n 

which moves preferentially forward, shifts the (1!-n) spectrum to the 

+ higher end and the (~ n) spectrum to the lower end. Unlike in the m 
:J(~ 

plot we do not see a dominant production of the known 1£N resonances. 

* * Theremight be an enchancement in m - at N (1238) and in m + at N (1688); 1£ n ~ n 

the smallness of the effect make~ it hard to obtain a quantitative 

estimate of thecros&-sections. Any resonance in either or both of the 

1(N channels would reflect kinematically into the 1(1(channel. However 

the reflected peaks and widths vary with the total c.m. energy- andwe 

willuae this as a handle to decipher such effects. The Dalitz plots 

(Figure 18) show the po and fO; the bands do not shift with~N mass, 

indicating that they are dominantly due to resonances in the ~1( channel • 

* 0 Also the overlap of the Nand p bands is not significant so that in our 

analysis we will not include any effects due to such an overlap. 

I. 
I 
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To study the details of the :n::....:rt: interaction the Gottfried-Jackson 

frame, (21) is found most useful. This is the dipion rest frame with the 

incident :n:- direction (1n this system) being the quantization axis. (See 

Fig. 19). e , the angle between the incident n- and the outgoing n- in nn . 
+ - +-

this frame, .is equivalent to the 2-body scattering angle for n +n: -+:n: +n. 

~rl'Y' 
(22) 

referred to as the Treiman-Yang angle, is the angle between the 

production and decay .planes of the dipion. The distribution in these 

two angles is determined by the angular momentum state of the dipion 

. (2223) 
system and the t-channel exchange mechanism. ' 

We . will now consider the weighting procedure and the weighted angular 

distributions and dipion mass distributions. The weighted distributions 

frama preliminal7 analysi,s of the entire data at 3 and 5 BeV/c are presented. 

At each c.m. energy for reaction (b) we have a set of properly weighted 

averages of the detection efficiency e depending only on the four dynamical 

variables t, m ,e and ~TY' At each of the energies we create 4-
nn nn 

dimensional cells in these four variables and set up a table of efficiencies 

averaged over each of the individual cells (see Section III). We now eliminate 

a priori all cells with very low efficiency (~ 0.5) since they can lead to 

large statistical and systematic errors in the weighted distribution. The 

above cut.-;.off on the efficiency was chosen after a series of minimizations 

with different preset values for the lowest acceptable efficiency. Knowing 

the observed number of events in each of these cells, we adopt a maximum 

likelihood procedure to obtain the coefficients of the angular distributions 

in specified regions of' t and m For m :Iii 1000 MeV, incorporating only 
nn :n:n 

Sand P waves in the most general case, we use the likelihood function (14) 

.i 
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- -where € :;: € (e, ~) 1--. t, m 
10'( 

r: 1 r int -<>. '" 2 Re PlO sine cosEi cosp+ 2 '" 3 Re P 00 cosEl 

-2,[6 Re p~~t sine coal> } 

Pij are the .density matrix elements for the pure angular momentum 

states, (24) arid Piinjt denotes the &-P interference terms. ACt ,iIi ) is the 
:J'(:J'( 

selected area of the (8, /» space for a given range in It I and mover 
. :J'(:J'( 

which the average efficiency is larger than the preset limit (0.05).1 Ni 

is the number of observed events ihthe ith cell and NA is the total 

number of events within A. 

The weights for each of the bins in tand m are now given by 
:J'(:J'( 

j R(~,; , EI, ~) d(cose) dp 
wCt',iIi ) = jf. :J'(1( 

:J'(:J'( . ·€(t.~:J'(:J'(' EI,¢) R(t,ii1'(1'(' EI, ¢) d(cosEl)d¢ 

A(t:, Iii ) 1'(:J'( 

where # represents an integral over the entire (EI,~) spa~e. The errors 

onthe Pij 's are propagated to obtain the errors on the weights. 

Figure 20 shows the forward-backward ratios ( ..r3 pint) for 
00 

It I <0.1 (BeV/c)2 at 3 and 5 BeV/c as a function of m 1(:J'( This ratio 

stays reasonably flat up to m ..... 0.95 and dips down beyond it indicating 1'(:J'( 

that the &-Pinterference becamesnegligible. The values for the forward-

backward ratios are quite consistent with previous experiments.(8,9) 

Assuming that the data within the range of It I < 0.1 (Bev/c)2 is dominated 
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by the pion pole and that 52 (the 5-wave phase shift in the Isospin 2 
o 

channel) is negligible over the whole range of m , crude estimates of 
nn 

5~, the S-wave phase shift in the 1=0 channel can be obtained. Following 

the procedure of Jacobs, (9) we use.the relation 

F-B 
F+B 

2 ainBo sin 51 cos(5
0

o 
- 5 ) 

_ __ __ ~_o ____ --------~-----l--
3 sin

2 
51 + 4/9 s1n

2 o~ 

Figure 21 shows two of the four solutions and these agree fairly well 

with the phase shift analyses from the other groups. (
8

) To obtain better 

estimates one has to do an extrapolation to the pion pole and include the 

values of 52 obtained fram ,/n+ experiments. (25) 
o 

Figure 22 and Tables IA,B give the details of the density matrix 

~lement8 obtained at 3 and 5 Bev/c as a function ofm for Itl< 0.1 
nn -

(BeV/c)2. The tables include the values of the forward-.{)ackward ratios 

as welL Table Ie lists the phase shifts derived from the forward-

backward ratios. Tables II and II! list the values obtained at 3 and 5 

BeV/c for It I .::; 0.22 (BeV/c)'Z, and It I < 0.4 CB=V/c)2. The errors listed 

just below the correspondingquant1ties are purely statistical. 

. b 
We now concentrate on the P region only. The density matrix 

elements, and the forward-backward ratios for m in the range 0.68 to 
nrc 

0.84 BeV (and 0.6 to 0.9 BeV) and for the different ranges in t, is 

listed in Table TV} the variation of these quantities as a function of It! 

is shown in Figs. 23, 24, and 25. At 3 J3eV / c incident pion momentum we 

disagree with the results of Gutay et a1. at 2.7 J3ev/c(8 j ), particularly 

in the values of (p 00 - PII). Our statistical errors are considerably 

smaller. We do not believe that the systematic errors in our experiment·· 

I 
I 
, ~' 

.. 
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can account for the large difference. We obtain Wlique minima in the 

maximum likelihood fits for a wide range of starting values for the 

various parameters, including the set given in reference 8j. . For the 

low t region our results a..re more in agreement with the data of Hyams 

(26) /-et al., who studied the 88.lD.e reaction at 11.2 BeV c incident :rr 

momentum. The solid curves in Figs. 23 and 24 represent predictions 

based on the one pion exchan~ model with absorption as put forth by 

Gottfried and Jackson. (30) (See below.) 

Figures 26 and 21 show the variation of differential cross-section 

with t for events in the dipion mass range 0.68 to 0.84 BeV. As pointed 

out earlier neither the simple OPE (one pion exchange) model nor OPE 

with form factors agrees quantitatively with the experimental distributions 

of dO/dt. Gottfried and JaCkson:2] and, Durand and Chiu(27) proposed 

the one pion exchange model with absorption (OPEA)to obtain better 

quantitative agreement with the experiments. The former authors start 

(28) with the prescription given ear11erbySopkovich,and introduce 

absorption in the initial and final states over and above the one pion 

exchange BOrn amplitude (n;«..a8J 0 The distorted Born wave approximation 

leads to an amplitude 

(i) 

± 
where X . is the phase shifti:p the in (eut) states and x "" qb; q is the 

c.m. mQDlentum in the initial or final state and b is the impact parB.Bl$ter. 

B(X) is the one pion exchan&e Born amplitude. They now use the experi-

mental fact that the momentum transfer distributions are well fitted by 

a purely imaginary gau.ulan amplitude 
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where aT is the total cross-section an_. A is the slope of the 

elastic differential cros&-6ection da/dltl. The phase shift is then 

given by 

exp [i X(b)1 :;: 1 _ aT exp (_ b2/2A) 
'J 4ltA 

where X(b) is the phase shift for a wave packet having an impact 

parameter b. 

Using the Jacob-Wickpartial wave decomposition they generaliz.e 

equation (i) to include the various spin states: 

< "c"dIM1Aa"o >::: i (j1) < AC"dITjIAa~ > ~Il(e) 
j 

(11) 

( iii) 

where Aa'~ (Ac ' "d) are the helicities of the particles in the initial 

(finaV state and Il ::: AC-Ad, ~ ::: Aa-~. 

For large angular momenta j » IAI, 11l1, using the asymptotic 

expansion 

(Where n = Il-A) equation (1i) can be written as an integral: 

lID 

< AcAd IMI Aa~> cit.JXdx < "cAd I f (x) IAa"t > I n (VJX) 

o 

where w = sin e/2 

(iv) 

Assuming that the helicity dependences enter only in the Born term 

while the phase shifts are still given by (ii), the individual distorted-

wave Born amplitudes for different helicity states can now be wrHten as 

'. i 
.Jr, I 

, .... 
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< A AdIT(x) I" ~ > =exp c aOb 

Equation (v) is directly related to .the density matrix elements. 

The differential cross section for unpolarizedbeams is 

da 
_..;;;a.;:.b"!" .... -.; . .;.~d.;;;; = 

dO 

. , 
s is the square of the c~m. energy, q, q are the c.m. momenta in the 

initial and final state, and sa' sb' etc., are the spina. The total 

cross-section for the particular charmel is 

CXl 

We now use their model and ccmpare our results with their 

predictions. 

Define 

and 

A 
1 = 2q2 

The values of C and "I for the initial (n:-p) state at 3 and 5 BeV/c, 

computed from existing data, (29) are listed in Table V. For the final 

(v) 

(vi) 

+ - ) /4 (1( 1( n state we use Cf "" 1 and 1 f = 3 1i as per the Gottfried-Jackson 

prescription. (23) The solid lines in Figs. 22, 23, 26, and 27 are for 

these values of the parameters Ci ,- Cf and 1i' 1f" Since the experimental 

values for ~~ are obtained over a restricted range of dipion masses 

o do within the P region, the curves for crt have been normalized to the 

experimental point at It I = 0.04 (BeV/c)2. The shape of the predicted 
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cruve agrees reasonably well with our results. The predictions differ 

considerably fram the experimental results for the density matrix elements. 

Finally, we will discuss the weighted dip10nmass distributions. 

Figure 29 show,S the weighted dipionmass histograms for the selected 

regions of It I at 3 and 5 BeV/c. As mentioned earlier, the weights and 
" 

errors on the mass distribution are obtained from the fits .tothe angular 

distributions in the various subintervals of It I and m • The weights 
'lU( 

(and errors) for each 20 MeV bin in Dl are obtained through quadratic 
:n::n: 

interpolations of the coefficient of the angular distributions. We have 

tried a variety'of functions (Table VI) to fit the data. Functions land 

II give poor fits at 3 as well as at 5 Bev/e (x2/degree of freedom ~ 10 

at 3 BeV/Cj ~ 5 at 5 PlaV/e), indicating that neither a simple incoherent 

phase space background nor a linear approximation to the incoherent bac~ 

ground can account for the observed distributions. Function IV proposed 

by Roos,(19) is expeeted to account·forthe restricted kinematic range 

inl t I imposed on the data as vellaa take note of the fact that the t-

dependences for the background and the po resonance are different~: Even 

.2 
though the fits improve slightly as compared to I and II, the X values 

are still too large at both 3 and 5 BeV/c. 

2 In all the above mentioned fits the major contribution to the X is 

from the dipion mass regions around 600 MeV at 3 BeV/c and around 930 MeV 

at 5 BeV/c. We have hence tried, incorporating an additional incoherent 

Breit-W1gner distribution over and above the po resonance and a quadratic 

background (Funct.ion III(b»): with this assumption the fits improve 

considerably (x2/degree of freedom ;S 5 at 5 BeV c and ~ 2 at 5 BeV c. 

The results of these fits are shown in Table VII and Figs. 29-32 (SOlid 
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lines). The errors obtainedfrOll1 the fits have been multiplied by 

~X2 ID-l where D is the number of degrees of freedor.n. The fit to the 

3 BeV/cdata (Fig. 29) leads to a mass MpO ,.,. 770 MeV and a full width 

at half :uu:l.x:imum I'po ,.. 123 MeV. This fit leads to a small but negative 

backfFound contribution. The mass and width of the added Brit-Wignel' 

enhancement are ml ,.. 645 MeV and I'l- 300 MeV. Even though there is 
.. 0 

evidence that there m1ghtbe enhancements in the region below the P 

m&as(31 ) the negative background contribution along with the large width 

of this enhancement indicates that its necessity in the mass distribution 

is very likely to arise from a poor knowledge of the background, and from 

the fact that kinematic reflections have not been accounted for. Another 

possibility is that this enhancement might be due to the detection of 

only the (~+~-) system fram (w ~ ~+~-~o). The kinematic fit which 

constrains the missing mass to 8. neutron would then shift the w-peak to 

a lower mass and the decay kinematics would lead to a broad (~+~-) peak. 

However, this possibility can be ruled out since the unconstrained missing 

mass distribution at3 BaV/e has a narrow neutron peak with very few 

events beyond the (m + m 0) mass. In addition, the 5 BaV/c data does 
n ~ 

not 'necessitate this enhancement even though the illlconstrained missing 

mass distribution has a broader peak at the neutron mass (Fig. 13). 

The 5 BeVle data (Fig. 30) is fitted well with the addition of two 

Breit.-W1gner enhancements - - one at a mass ill1 ~ 935 MeV and I'l ,.. 40 MeV 

and another at a mass m2 ,.,. 1030 MeV and I'2 "" 25 MeV. The enhancement 

at 935 MeV(32 ) is statistieallysignificant since the peak is ,.. 5 

standard derivations away from the contributions due to the po and. 

background. It is very unlikely that this enhancement can arise frCl1l 
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+-
~I - ~ ~ 7 since the observed width is quite n~rrow and the cross-seation 

is too large compared to the existing data on Tj I • The enhancement at the 

dipion mass .... 1030 MaV 18 on the border line of being liignificant - -

.... 3 standard derivations away from the rest of the contributions.(33) 

The small signals frQl1 these enhancements make it hard to determine 

their spins and parities frOlllthe details of the angular distribution. 

However, the significant contribution to the central cos e region from 
:Jt1{ 

events around these dipion mass regions indicate that they must be in an 

even angular momentum state. 

The fits with Functicn.III(b) indiaa.te a consistent difference in 

the widths of the po between the 3 and 5 BeVlc data for all the ranges 

in It I • (See Table VII.) This is very likely to be due to poor 

assUlIlpt10ns on the shape of the background and due to the fact that it 

has been added incoherently. + - + - (4) The e e -:It 1{ experiments give much 

lower values for the mass and width of the po and this implies that the 

initial and final state strong interactions tend to alter the shape of 

o . 
the P resonance. 

We have also tried fits (Functions V) which include interferences 

between the wo, pO and background as proposed by S. Flatte.(34) Here 

also we have added incoherently an additional Breit-Wigner enhancement 

(Function V(b)). The fits to the 3 BeVlc data (Fig~ 31) improve 

o considerably even when the W. ienot included, indicating that there is a 

strong interference·of the po with the background (see Table VIII). The 

improvement ~n the fits .to the 5 BeV/e data (Fig. 32) is not significant. 

The values for the pOmasB at 3 BeV/e are significantly higher as 

compared to the fits using functions III. The fitted widths of the po 



- 37 - UCRIr-19464 

are however still different between the 3 and 5 Bev/e data. Since our 

estimated resolution at the wO 
maSs is poor ( ..... 22.5 MeV) I the addition 

: ' 0 
of the w (mwo = 783.4 MeV, rwo :c 12.7 MeV) does not improve the fits 

Significantly (Figs. 33 and 34) and the errors on the w-cont,ribution 

are quite large (Table IX). (The unweighted ,data indicates that the 

w ~ n+n- contribution is higher at lar~r It I values). Due to a lack 

o 0 of knowledge of the coherence factors between the P and w , we ean only 

obtain lower limits on the branching ratio R=w(n+n-)/(w -+ n+~-no). As 

pointed out in Reference 34, the ,representation (Function V) allows any 

o degree of coherence among the amplitudes due to the background, P and 

o " + - 0 
w. We estimate the eros &-sect ion for w -+n n n from the results of 

Miller, et a1.,(35) at 2.7 ~v/c for the reaction 

+ 0 
n n ~ w p 

and the empj.rical results of Morrison, et a1.,(36 ) on the variation of 

cross-sectionwith incident momenta. We assume 0 '" (pip )-1. 5 and the 
w 0 

values obtained at 3 and 5 Bev/c are listed in Table X. The branching 

ratios R so obtained are listed in Table IX. The systematic errors on 

R are expected to be large due to the poor estimation of (w -+ n+n-n o ) 

cross-section and our dipion mass resolution function at the w-mass. 
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V. CONCWSIONS 

We have presented results fram a preliminary analysis of our data' 

on the diplon system in the ma.ss range 280 MeV to llOOMeV produced in 

the :n:-p collisions at inCident momenta of 3 and 5 P.ev/c. 'l'he details 

of the angular distributions indicate that the predictions for the po 

dLfferential cros~section baaed on the one pion exchange model of 

Gottfried and Jackson agree well with the experiment. However,the 

behaviour of the density matrix elements as a function of It/ deviates 

considerably fram the predictions of this model. Our values for the 

density matrix elements have much smaller errors but differ considerably 

fram earlier results, particularly at 3 BeV/c. We do not believe that 

systematic effects in our case can account for the difference. The 

forward.-.backward ratios and the crude S-wave (Isospin T=O) phase shifts 

derived from these ratios agree well with earlier results and reveal a 

strong interference between the po amplitude and the S-wave amplitude for 

dipion masses in the range 400-900 MeV. 

'The dipion mass distributions below'llOO MeV indicate enhancements 

in addition to the po resonance. The fits at 3 BeV/cnecessitate an 

enhancement ata mass ill ~ 645.86 ± 8.54 MeV with a full width at half 
o ' 

maximum Po ~ 304.59 ± 18.34 MeV. (See Table VIlA. Values quoted are 

for Itl .~. 0.4.) There has been evidence of a structure in this mass 

range in earlier experiments. (31) The 1Trc-phase shift analyses (which do 

not include effects due to kinematic reflections from craBS channels) also 

indicate a wide enhancement around this mass range. At 5 BeV/c we do not 

observe an enhancement in this mass range;. The fits to the 5 P£V/c data 

a necessitate two enhancements in addition to the p resonance ~- one at a 

.~. 

,,.. 

, 

! 
, I 

I 
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resolution, large statistics experiment to study th.e reaction 

+ -e e 

+ -or Ii JJ. . 

since the final state leptons d.o not strongly interact with the 

IlltCleon we should obtain better quantitative agreement with the 

predictions of the absorption model; one can hope to get marc 

details of the W-P interference mechanism as well. 



. 'j 

- 40 - UCRL-19464 

+ . 
mass fill ..., 936 - 4.06 MeV with a fUll width at half fIll!lximum r l '" 47.64 

+ . (32 ) . 6 . + - 18.64 MeV and another at a mass m2 "'" 1029. 0 ..; 5.37 MeV with a 

+ . (33) full width at half maximum r 2 "'" 27.67 - 18.38 MeV. (See Table VII A. 

Values quoted are for It I ~ 0.4.) On the basis of the observed width 

and cross-section for the enhancement at "'" 930 MeV we can confidently 

exclude the possibility that this enhancementi8 a Misidentified dipion 

state from 3-body decays of '1\ i-+ "If: f( -.,. (38) The enaancemeat at 930 MeV 

is statistically significant while the enhancement at 1030 Mev(33) is on 

the border line of being significant. Since the enhancements are small 

we cannot clearly determine their spins and parities. The significant 

contribution to the angular distribution aroun4Cas e N 0 from events nn 

in the mass region around these three enchancements suggests that they 

must be in an even angular momentum state. 

We have also tried to esti~ate the lower limit ~or branching ratio 

. + 
(<&> -+J{ n-) 

R;:: ( + _ 0 
CXl -+:It:n: :n: 

on the basis of the CXl-p interference model. In this 

model the mass values obtained for the po at 3 and 5 BeV/c agree well 
+ . + 

mpo = 788.27 - 2.09 MeV at 3 BeV/a and !l1pO = 791.63- 1.62 MeV at 

5 BeV/c. The widths are however still different -Tpo = 157.96 ~ 4.76 

at 3 BeV/c and 183.79 ~ 4.03 at 5 BeV/c. (See Table VIII. Values for 

< 
It I - 0.4 are quoted here.) The masses and widths are much higher than 

+ - +-the values obtained from e e -+ n:lt experiments. 

The allalysis of the data at 4 and 4.5 BeV/c incident 1II0~ents., now 

under progress, should reveal more details of the Jut interaction and 

SUbstantiate the results at 3and5 BeV/e. The presence of ill-P inte~ 

ference effects as well as the lack of quantitative agreement between 

the absorption model and our results lends strong support to a high 
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Type 

No. of Gaps (3/8") 

Sensit1veArea 

Material in the 
path of the beam 
per plate 

Gas Filling 

H. V. pulse: 

Amplitude 

Trigger delay 

~ ... 

TABLE A1 

DETAILS OF SPARK CHAMBERS 

Bl B2 1 

Hollow 
Foil Feil Plate ~ 

4 4 4 

7" x 9" 4" x4" 16" x 60" 

f--l mil. Al. ) ""2 mil. Al. ~ 
( .... 2xlO-3 rad. lengths) 

2 

4 

18" x 60" 

1 4 

----,. Foam Plate 

4 6 

2-
Hollow 

--~~ Plate 

4 

20" x 60" 36" X 60" 48" x 96" 

"'2 mil. Al.- -} 4 mil. Al 
(Foam and Foil) 

~90'{0 Ne, 10'{0 He ~ .<E-- 90'{0 Ne, 10% He + 45 ppm of Freon 12 ) 90'{0Ne 

18 kV 

320 ns 
on all chambers 

10% He 

Rise time (T
R

) and ( -----.--.. ---- TR '" 15 ns. -----.. -.---.-.. ----... -~- .. ---.--.---~ TR'" 30 ns. 

Width T T'" 30 ns. T .... 100 ns. 

Clearing Field 

Location relative 
to center of the 
magnet 

( 50V ) < 

-124" -fJ3" -30" 

20V---------------- ----~ 100V 

_10" +10" +52" +140" 

-+=w 

8 
~ 
t-t 
I 
~ 
\0 
-+=-
0\ 
-+=-
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APPENDIX A 

QWlp:titJegLelevutto the desl .. Wa'Qperation Blstea. 

External proton beam (EPB) 

fltlX during the experiment 

Beam .spill duration 

Bevatron pulse rate 

Dimensions of n- production 

target at EPB focus 

n Production angle 

n Flux during the run 

Momentu!1l range used 

Momentum bite 

n beam size at liquid 

hydrogen target 

Beam Cerenkov counter 

K~/n- ratio in the bea!1l 

Beam hodoscope 

10' 'I ' - 3 x 10 protons pulse at 3 J3eV/c 

·ll 
- 2 x 10 protons/pulse at 5 BeV/c 

0.7 - 009 secs 

- 10 pulses/minute 

3!1 long coppe r 

3/16" vertical, 

3/8" horizontal 

4 - / - 6 x lC n 's, pulse 

3 - 5 BeV /c 

6% 

- 95% of the beam contained 

in 3/4" dia!1leter' 

pressurized ethylene 

(75 lbs/in0
2 

at 3 BeV/c, 

63 lbs/in.
2 

at 5 BeV/c) 

<: 10 - 3 at 3 Be V / c; <10-5 at 5 Be V / c 

28 scintillation counters - each 

counter is 1/4" wide, 1/2" 

thick (along the beam), 6075" 

long, viewed by lP21 phototubeo 

,. 

.. 
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B~am anti counter 

Momentum resolution for 

inc.iividualbeam particles 

Liquid hydrogen target 

Target anti coincidence - TA 

spectrometer magnet M5 

Rear hodoscope RH 

UCRL-19464 

2" diaD circular hole in 4" x 4" X 1/11-" 

scintillator 

2: 0.4% 

3" dia. 12" long centered at 

-1.~5" relative to the center 

of M5 magnet 

"11/411 thick Pb sandwiched betwecen 

1/2" thick scintillators 

6 channel hodoscope in each 

half 15" x 2" x 1/8" 

60"dia. pole tip, 23" gap 

operated at a peak field of 17 kG 

26 channel hodoscope; 13 counters 

each, above and below the median 

plane 18" x4" (or6") x 1/4" 

DSA - Down stream anti-coincidence 9" x 6" X 1/8" 

v+ 
Ck .;.. r Cerenkov counter 4 ft. dia., 8 ft. long counter 

Spark chambers 

Optica 1 demagnification 

Overall optical distortion 

Trigger rate (2 prong events) 

No. of pictures taken 

with freon at 98 Ibs/sq. in. 

viewed by 16 phototubes (54 AVP, 

5" dia. Cathode) 

See Table Al 

50 

0.3% 

~ 5/pulse 

1.9 x l06 (about equally di-

vided among 3, 4, 4.5, 5 BeV/c 

and both polarities of M5) 
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No.acc~ptedas 2 prong events,. 

after scanning 

No. of events satisfying 

(11: \,- n) hypothesis 

Nature of background on the 

film (i.e., in the trigger) 

UCRL-19464 

6 . 5 
.~ x 10 

10% llultip1e bea~n tracks in 

the beam chamber 

-. 3tYJ1 d t (' 1') 0, - v~ ueo \~ n S froll 

+ - - + - + -~ 50f0 dUO to pn J( nand nn Jl 11 n 

EFFECTIVENESS OF THE COUNTERS IN THE TRIGGER LOGIC: 

S 1 +S2 + BH + BH + BA +RR + RH taken as standard 

Reduction factor in trigger rate du~:tti: 

DSA 

TA 

ESL, ES
R 

in cdincidence 

Overall reduction factor 

relative to standard 

~ 2.0 

~ 0.2 

~ 0.2 

~ 0.2 

~ 2.0 

~ 4.6 

(This factor varied by ~ 10% betWEen 3 and 5 BeV/c) 
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.. 

(Spark (hom per) 
Set . . 

Measured Trac.k Segment. 
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APPENDIX B 

Initial Guess for the Secondary Momenta 

The curvature in plane polar coordinates is 

2 . 2 
r + 2r' - r rTf 

( Bl) 

( 
2 2 . 

r + r' ) 3/2 

To arrive at an initial guess for the momentum we treat the actual 

trajectory as a perturbation on a circular orbit in a uniform magnetic 

field. We choose R,the radius o·fthe orbit,and the origin such that 

the circle passes through the two points we wish to fit and gives the 

best fit to the measUred angles at these two points. 

Defining (Fig. Bl) 

r '" R( 1 + £) with ~ « 1 

=R d~/de = R~' 

If P is the momentum of the particle then 

eB 
cp 

with the convention that the curvature is positive for electrons. 

Equation (Bl) can now be written as 

eB 
II> = - - >:::: 

R2( 1 + 2,) + 2R2 ~ ,2 _R2( 1 + ~). i" 
cp 

[R2(1 + R2 ~,21 3/2 
+ 2~) 

~ 
1 [1 + 2~ + 2~ ,2 - (1 + £) g" J [1 - 3g - 3 ~,21 
R 2" 

>:::: 
1 

[1 - g - f~ reta.ining the lowest order terms. 
R 

, 

.,. 
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Henoe the perturbation equation to be solved is 

f' + £ = ~. B 
cp 

with the boundary conditions 

s == 0 

UCRL-19464 

(B2 ) 

at the end points of the arc • 
and~a 

b 
== R tan ~J'a 

b 
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APPENDIX C 

Determination of :the Orbit Parameters for the Secondaries 
, 

'The "SASS" measurements give Sjk' the j th coordinate at the k th 

spark chamber located at ~.(for J=l, 2, ••• 5, Sjk== xk ' yk,zk' 8k , ¢k). 
;, 4 

We need to determine the set of initial conditions u (x, y, z, a, ¢, p) 

which minimize the I- - function: 

~ r ( r I-~ t L eJ.("k,) - UJk(U'''k,) = t f .6jk E 
j;::2 k::l O'jk j=2 k=l °' jk 
4 -+ 

where Ujk(u, ~) is the predicted value at ~ for the set u, 

= 0: /; '- 1, 2, •.•• 6 

leads to 

.1=1, 2,. ~ .6 

4 

Since,Ujk is a non-linear function of u and ~ we use 

I 
6 ~U ' 

= Ujk ,+ E ~ 
li 01=1 ou 

II! 

Equation (iii) can then be written as 

E EEl 
jkm--2 

" °' jk 

Ou 
III 

Bu 
01 

6j k : i= 1 , 2,. ~ • 6 ' 

(i) 

( ii) 

( iii) 

, (iv) 

(v) 

~ 

Hence the correction vector Ou ca.n be obtained by solving the 

Newton~Raphson equation 

where the matrix It is 

A.£m E E 1 
du

Jk 
dU

Jk = -
j k 

2 
du.e du O'jk m 

, (vii) 

and the 
...., 

vector f is 

fp, = L:E 1 '~ 6
jk 

jk °' jk 
2 Ut 

(viii) 



- 51 - UCRL-19464 

We can now solve for '6li i terati vely to achieve convergence of the 

solution. 

We also need the cODvariance matrix for thef1nal set of initial 

conditions 
~ 

u 0 o· Define the Vector: 

y= (U21 , U22 ,···U2L , U31,·ooU5,t) 

The convariance matrix for Y is diagonal, the diagonal elellentsbeing 

To first order, 
'-,-+ ++ ~ 

'6y:: d '6u 

where 

<lAm = 

The convariance 
~ 

matrix for Y is then 
~ '6y 5~ t ~' '611 ( ~'6Ujt V :: Y = 

Y 

''''6~ 5'" t +tt. 
= ex u U Q 

~ r *t 
:: ex 

u 

~ 
Hence the covariance matrix for u is o 

..,. .... t ... -1 i+. -1 {E E ex V-l ex }-l 
Vu :c: (ex Vy ex) '" k j All: Ykj jm 

(
1: ex v- l a ') -1 -1 = k £k Ykk km , since Vy is 

(
1:: lOYk Oyk J. -1 {E E1 

::: ,kok2dUJ aUra' :: \ J k-:-1 (J,1i 

.... -1 ;: A .. 

diagonal 

Where Ais the ma.trix defiaed 1n equation (vii) 

(ix) 

( x) 



x 

::n 

\ . 

I 
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! 
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-----JI+-----_ L1.. 
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,APPJfNDIX D 

Parameterization of Beam Momentum 

In our beam spectrometer system the beam particle is specified 

by variables (Y
B

, e
B

, H) where (Fig. Dl) 

= position at beam ChamherBl exit angle 

H = position at beam hodoscope (digitized) 

LetP" be the momentum of the particle through H and travelling o 0 

along the axis of the system. For a particle with momentum P the y 

coordiriate at the focal plane1nthe target (for small e) "is given by 

Y :: y + e I p ~(~.". ) + X I 
F B d?P 0 

(a) 

where "~.'" F-P 0 and ~" is the langftud,1E1tll dispersion (along th€ be~!I'J.). 

If the overall magnification of the beam spectrometer system is M 

and Dthe transverse disW!l"sion then 

or 

Equating (a) and (b) we have 

~ '" e Xo + YB - M (H - Ho) 

:p . Ii - e-' P dx/ dP 

I H - H - ~ (y + ex) I 
P .,;p 1 + " ". 7" 0 f" B "0 

0" "'Po4x~"""e - D (po dx!dl') . 

In ~neral the central ray could be tilted relative to the axis 

of the downliltreu M'maglu~tthrough an angle e. then 
o 

(b) 
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p 

1

M 
1 + ~P-o""'d=-ij-r=d~P 

- 1 -
H - Ho -i (YB + Xo (e - riJ)._.1 

e - 8 - n/(p dx/dp)· 
·0 0 

or 

1 
-. H - H' -! (y. + $. X ).1 

P == P 1 +A 0 M B 0 
o . e - (;J' . 0 

If we now measure P for the individual beam tracks with the aid 

of the M5magnet then, through a gradient minimization procedure, we 

, , . 

can determine the parameters A, H ,X , M, e ,P over a reasonably 
o o. 00 

(0) 

large sample of beam tracks. The parameters so determined along with 

EQ.uation (c) will now give the beam. momentum P (Y
B

, e, H) for the 

selected events. 

" .. 
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TABLE IA 

3 BEVIC It! s .IOISEVIC.'" 

PIPI MASS ROO-Rll U-'I REIAtO' ROO HIT IUO lifT WE (GHTEO, ItO. F-8/F+8 
IBEYI , OF EVENTS 

.280 TO .360 -.0227 -.1069 .1391 -.0029 -.1667 206 -.!l051 
( .1~221 ( .03631 .05681 I .02311 , .0~611 I 181 1.0100 II 

.360 TO .1040 .0380 -.05'18 -.05C9 .2420 -.1893 1~58 .~191 

.02011 I .01451 I .00181 .0022' I .OOHI 1 581 .oonl 

.~~O TO .520 .0211 -.0552 -.0622 .2698 -.158l ~17'1 .~6H 
.03\81 I .01361 C .011'1 .C1109' I .00831 11251 .02581 

.520 TO .560 .15'13 -.01'l7 -.0839 .3121 -.1267 42'" .5~09 

.0317' C .0155' I .0118' .Ollt91 I .00881 11541 .02581 

.560 TO .600 .1900 -.0688 -.1255 .2976 -.1189 6167 .5151t 
.02961 C .01121 C .01161 .01281 C .00791 12001 .02211 

.600 TO .61t0 .2302 -.OS17 -.IIoC7 .1261 -.1l62 8059 .5648 
.01801 1 .01141 C .01031 .01111 C .00721 12H! .0192' 

1 
.640 TO .680 .2826 -.0264 -.1037 .H43 -.0781 11'176 .5444 

.02361 ( .00981 1 ~OC'lJ1 .C0991 I .0060! 13011 .0 I 721 ~ 
.680 TO .720 .3100 -.0084 -.1072, .2842 -.0652 188540 .10922 

.01"91 1 .ooeol I .00751 .COB5' « .00481 13891 .0148' 

.720 TO .160 .37H -.0010 -.0880 .2169 -.0585 21670 .40795 
.0171' « .00661 I .006'" .0071! I .00401 l40eO! .01211 

.760 TO .800 .4182 .0011 -.orB .2555 -.0524 31056 .4~25 

.C1101 .00631 I .00621 .00731 I .00381 15461 .01211 _ 

.800 TO .8'00 .10656 -.0070 -.0600 .2572 -.0178 2481'> .41o~5 

.0193' I ~0072' I .oe76' .00891 I .00440' 15091 .015'0' 

.840 TO .880 .38B -.0169 -.01008 .2753 -.0)96 12~85 .4168 
.02551 ( .0094' I .OC961 .01101 I .00591 IlllI .01901 

.880 TO .920 .3913 -.0200 -.0256 .2576 -.one 1564 .'1~65 

.02921 I .01061 I .Oillol • C 1321 « .00681 ClIBI .02281 

.920 TO .960 .2701 -.0297 -.0024 .H95 '-.0308 41~1 .5881 g .01811 I • 01 ~81 I .011101 .0140, I .00901 11"" I .02411 
~ 

.960 TO 1.COO .~OO) -. 0378 -.0321 .211ob -.021,2 2694 • H18 ti 
I 

.0481t1 1 .01191 I .01711 .02191 I .01121 11221 .01801 i-' 

I.COO TO 1.0ltO .H87 -.0166 .0116 .O'd" .0038 1839 .0152 'f-
.0651) I .0241' .02211 .02961 .01401 II0ll .O'H3' 0'\ 

~ 

1.040 TO 1.080 .3351 -.0064 .0'oC6 .C406 -.0031 1~61 .0703 
.07931 I .029)) .on4' .0353' I .01611 I 95! " .0612' 

1.080 TO L.120 .1478 -.0190 -.0185 .0732 -.01t67 1158 • !l61 
.10231 I .0356 I I .OHII .0396' I .C2UI (&11 .068., 



TABLE IB 

5 8EVIC It' ~ .1018EV/CI'" 

PIPI MASS ROO-Rll IH-l REtRlOI ROO INT IUD INT "EIGHTEO .NO. F-8/F+8 
18EYI OF EVENTS 

.280 TO .360 -.4638 .2811 .1905 .1651 -~2029 37 .2860 
I .11551 .04221 .05531 .C6)~' I .01221 81 .1100' 

.360 TO .""0 -.Cl'~8 -.03105 -.03110 .1911 -.13102 266 .3310 
I .01551 I .05181 I .01l51 • C0871 I .02581 I 251 .01511 

."100 TO .520 .1274 -.0218 -.0816 .2856 -.1599 78". .4"107 
.01371 I .03601 I .02291 .C3601 I .021061 I 501 .C6231 

.520 TO .560 .08104· -.0075 -.111'1 .3507 -.1315 771 .6074 
.01821 ( .02SlI I .02241 I .COt.71 I .00571 1501 (. .01l71 

.%0 TO .600 .2972 .0054 -.1016 .3254 -.0786 970 .5636 
.06021 I .• 025'11 I .D2H 1 .02571 I .01601 I 651 .04451 

.600 TO .640 .3'147 -.0015 -.1132 .1372 -.0855 1610 .5841 
.04681 ( .0211' I .04911 • C,,](H I .02111 11041 .07601 

.640 TO .680 ."n6 -.0080 -.1169 • 31102 -.0771 2Ul .5""2 (J'\ .03821 I .01"31 I .01461 .01781 I .00931 11201 .01081 0 

.68.0 TO .720 .10711 -.030" -.1~94 .2674 -.0838 4Z64 ... 631 
.02941 I .01131 I .01151 .CI49' I .00721 116~1 .02581 

.720 TO .760 .~413 .0191 -.1]21 .2128 -.0573 6623 .4725· 
.02361 .00901 I .00911 .ell'>l ( .00531 12141 .021~1 

.160 ro .800 .5399 .0254 -.11'l6 .2556 -.0499 7168 .10427 
.02341 .00881 I .OC'l21 .01261 I .00511 12291 .02181 

.800 TO .840 .5312 .0302 -.C170 .2183 -.019" 6068 ."127 
.027'" .010", I .01091 .0149) I .00611 12091 .02581 

.840 TO .S80 .4912 .0290 -.0598 .2650 -.04% 4260 • .,590 
.0348 I .01291 I .01l61 • C1141 I .00171 11131 .030 II 

.·880 TO .920 .3771 .0286 -.0220 .2648 -.Ol70 29)0 .4587 
.04661 •. 01171 I .01701 .02181 I .01061 11401 C .03171 

.920 TO .960 .3171 .02C2 -.C]~l .3110 -.0392 2689 .5421 f3 .04121 .01811 I .01131 I .C215' I .0113' 1131 I I .• 0]731 
!xl 

.960 TO 1.000 .54211 .Ol'l" -~0()69 .2921 -.0104 1778 .5059 tj 
.05511 .0215 I I .0202) .C2b61 I .Oi291 '11 1 1 .04611 i-' 

1.000 TO 1.040 .b030 -.0245 -.0110 .1183 -.0298 1561 .2050 '* .06041 I .02271 I .02161 .e3b31 , .01411 11101 .06291 +-
1.0100 TO 1.080 .10532 .0156 -.0066 .1680 -.0196 12100 .2910 

.07151 .03001 C .03011 • C3941 I .01121 I 971 .Ob831 

1.080 TO 1.120 .4679 -.0196 -.Oll5 .1053 -.0117 997 .1823 
.013]1 , .02901 I .02891 • C 3911 « .01721 I 1101 « .06781 

.-
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Table I C 

t)~ (degress) t 
M1t1! (BeV) 3 Bev/c,/tl <0.1 5 BeV/c,/t/ <0.1 

Set I Set II Set I Set II 

0.36 .... 0.44 15·20 1.03 21.87 0·90 
.Ii> (0.12) (0.12) (0.42) (0.42 ) 

0.44 .... 0.52 32·92 3.14 34.39 3·81 
(0~19) (0.19) (0.42) (0.42) 

~ 

0.52 .... 0.56 44·33 6·77 42.86 8.14 
(0034 ) (0.34) (0.51) (0;51) 

0.56 ... 0.60 57·20 9.18 56.69 11.60 
(0.45) (0.45) (0.88) (0·89) 

0.60 ... 0.64 63·17 14·91 64·33 17·49 
(0.49) (0.50) (0.96) (1.00) 

0.64 .... 0.68 73·73 20.80 75.87 23·05 
(0.67) (0·73) (1. 32) (1. 49 ) 

0.68 .... 0.72 86·78 27.56 91.19 27·78 
(0.88) (1.15) ( 1.69) (2·37) Note: 

0.72-+ 0.76 98.15 41.02 100.14 42.04 
(1.26) (1.93 ) (2.24) (3.53) 

are also 

solut·i-ens 

0.76 -+ 0.80 116.83 54.87 116.61 54.68 
(2.34) (2.96) (3.98) (5.1) 

0.80 ... 0.84 132.10 &:)·99 133.61 64.50 
(3.49) (2.1'n (5.07) (3.77) 

0.84 ... 0.88 140.62 82.49 139·37 78.38 
(2·73 ) (1.79) (5.04) (3.12 ) 

0.88 ... 0.92 150·73 85.09 146·79 83. 88 
(2.47) (1. 66) (4.57) (3.02 ) 

0.92 ... 0.96 144.80 103·03 14,.19 96.03 
(1. 58) (1. 37) (3.02) (2.43) 

/ 

0.96 .... 1.00 162.53 86.44 152.18 94.99 
(3.29) (2.20) (3·38) (2.67) 

1.00 -+ 1.04 176.83 68.48 170·39 '(4.29 
(19. 17) (3.45) (9.87) (4.10) 

1.04 .... 1.08 in·34 70.53 16'r .64 82.66 
(22.05) (4.03) (6.82) (4.00) 

1.08 ... 1.12 175.64 76.19 172.88 77·07 
(12.56) (4.32 ) (9.86) (4.20) 



" 
TABIE IIA 

3 BEY/C It I ~ .2018EY/C'" 

PIPI ... US ROo-lUl U-1 RE(RI0' ROO INT R10 INT IfElGHTED NO. F-a/He 
(BEY' OF EVE'iIlS 

.280 TO .360. .03.95 -.0852 .1159 -.DOS7 -.1104 263 -.0098 
.0552' ( .01711 .014tl I .0Hb' I .0071' ( 211 ( .0409' 

.360 TO .440 .0314 -.06"4 -.0381 .1978 "';.1955 207lt .3"25 
• 0369' ( .02011 ( .0270' .0295' ( .0153' (76' .0510' 

.440 TO ·.520 .0091 -.0578 -.0555 .2422 ':'.1592 6150 .4196 
.02"31 I .01HI ( .0C'lal .0116' I .0016' 11581 .02001 

.520 TO .5bO .11102 -.0244 -.060C. .2717 -.1)20 6020 .4810 
.0272' I .0160' ( .01201 .C130, I .00841 1184, .Olllll 

.560 TO .600 .1155 -.OH4 -.1049 .290b -.ll80 8760 .50H 
.02511 I .013&1 , .01041 .' .01111 , .00781 , 2191 , .01921" 

.600 TO .640 .1718 -.0534 -.146'0 .29H -.1197 12000 .5081 
.02281 I .0118' I .00891 .0099' I .00671 13031 .01711 

.640 TO .680 .1814 -.0375 -.1111 .2780 -.0921 17851 .4815 Ri .0201' , '.01021 I .0083' .COB81 I .00581 1362' .0152' 

.680 TO .720 .2513 -.0110 -.1175 .2549 -.0169 28819 ."" 16 ( .01711 I .00811 I .00b71 .COlS, ( .00461 150)) I .01291 
" 

.110 TO .7bO .• 2806 -.0026 -.1050 • 2 SIt 3 -.0136 41189 .4"04 
.0148' ( .0068' ( .00511 .00631 ( .0038' 16201 .01091 

.160 TO .800 .2902 .0030 -.0872 .2358 -.06S7 49125. .'0084 
.0149, « .00661 I .0056' .00631 ( .OOHI 1703' .01091 

.600 TO .840 .30H -.00'1" -.06)2 .2312 -.0550 361"6 .1000" 
« .017'11 « .0018) « .0071) .C07b) I .0010" 1(05) C .01121 

.840 TO .880 .3050 -.Ollo" -.0320 .24)0 -.0518 1858b .4209 
.0222' ( .0093, ( .0088' .00910' ( .00551 11161 C .01621 

.880 TO .920 .2670 -.0268 -.0154 .23 .... -.0527 11455 .4059 
.02551 ( .0104' ( .ClI021 .01101 ( .oob)' ClU' .0190' 

.920 TO .960 .2180 -.0221> .CC74 .3135 -.0'H8 7337 .~IoJO 8 .OJ14, I .0125' .011 ~ I .01211 ( .00111 (2041 .02101 ~ 

.960 TO 1.000 .3616 -.03'14 -.0145 .1850 -.0))2 51ll .1205 t; 
.039 .. ' C .0152' I .0152' .CI81o' ( .0092', ( 1821 .01181 "D 

1.000 TO 1.040 • "293 -.01103 .01'16 .0180 -.0245 3888 . .,0312 ~ • 046'" C .01811 .0178' .0232' I .0101' 1166' .04011 

1.040 TO 1.0110 .3'143 -.0176 .0255 .0389 -.0115 3093 .0614 
.0550' C .02011 I .0211' .0267' I .0115' 11511 .0462) 

1.080 TO 1.120 .4205 -.0676 .Ole8 .0999 -.0320 2807 .1731 
.·""41 1.02UJ t .01201 • Cl·Z·74 1 ( •. 0126' ( 147' .0474, 

"-
. ~--- --- "- • ----------- --- --_ .. - -- -- ~ - ------- _ .. _ .. _ ... _-------_ ....... --



f • 

TABLE IIB 

5 IIEY/C I"~ s .20IREY/CI'-

PIP! MASS ROo-Rll R1-1 RE ClUO I ROO INT RlO INT "UGHTED NO. .F-81F+" 
Illn • ~ ~VE"TS 

• 280 TO • 360 -.4258 .3821 .2127 .1876 -.2088 SO .3249· . 
I .0"721 .on:n .02131 .02951 I .00901 101 .0SlU 

.360 TO .440 -.C810 .-.0444 -.0391 .1453 -.1496 111 .2516 
I .00451 ( .05281 ( .03301 • C08n ( .0273·' I 211 .0140 • 

.440 TO .520 .0590 -.0331 -.0880 .2502 -.1619 915 .lt334 
.C5HI I .02631 ( .01'191 .02581 I .01501 I 501 .04471 

.520 TO .560 .0042 -.0)17 -.1487 .3116 -.1403 980 .5391 
.0·H61 I .02801 ( .02251 .C0131 « .01711 I HI .002tl 

.560 TO .600 .1837 -.0367 -.1416 .2792 -.1006 lZ41 .41)5 
• 06lS. ( .02'581 ( .02U. .0296 • I .01451 ( n. .05&3' 

.600 TO .640 .2970 -.0187 -.1603 .3047 -.0991 1991 .5211 
.Cr,OO) I .01651 I .00271 • C0221 I .0106) I 941 .00171 

.640 TO .680 .0\03" -.0159 -.lH9 .2992 -.0862 3276 .'18) 0\ .03281 I .01"01 ( .01251 .015'" i .0085' lUll .02611 W 

.680 TO .720 .3819 -.O)CO -.1172 .2552 -.0'155 5557 .4'020 
.02()5' I .01lll I .oe981 .01211 I .OO()SI 11781 .02191 

.720 TO .7()O ."766 .0230 -.11,89 .250'1 -.ObH 8611 .",45 
.0218) .00911 ( .00781 .CIC9) I .0050) 12301 .01891 

.UO TO .800 .4801 .0332 -.1272 .2413 -.0536 10U8 .0\179 
.02111 .00e51 I .00801 .010SI I .00lt81 12601 .0(86) 

.800 TO .8"0 .HIS .0120 -.0'»8" .2380 -.0520 eH" ."123 
.02"81 I .00<)8' I .OC96) .0126' I .0056) ( 2 '>21 .02171 

.840 TO .eeo .4812 .OJ29 -.07U .2650 -.053't 6327 .H89 
.0292' • Gllll I .0115' .0142' I .0065' 1216' .02461 

• 880 TO .920 .3817 .0300 -.0319 .2720 -.0"98 4)68 . ."'10 
.0)8)' .01511 ( .01"'" .CIBOI « .00901 11781 .01111 

, 
.920 Tn .960 .35010 .0279 -.0461 .3tH -.0461 3'179 .5399 '?3 .03</71 .0155) i .OIH) .01811 I .0094) 11711 .OH41 

!:d 
.960 TO I.COO .5435 .0119 -.03e5 .2828 -.0315 2191 .10898 tj • 04lt 1I .0113) I .017'11 .02251 I .0106' 11491 .03891 

I-' 
1.000 TO 1.0"'0 .6451 -.01~1 -.0331 .1275 ,..0315 2611 .2209 ~ 

.04571 I .0178' f .02171 .CL85) f .01091 11521 .CI"9", 0\ 
.s::-

1.040 TO 1.080 • "6 7It .0083 -.0321 .1570 -.0351 191.0, .27ilO 
.0636' .02491 I .02521 .0327' ( .01431 11101 .0566' 

1.080 TO 1.120 .5UI) -.0230 -.1056 .1490 -'.0326 1579 .2581 
.05521 I .OZUI I .Oll61 .03071 .1 .0135' I 971 .05321 



TABLE IlIA 

3 BEV/C It! ! .40IBEV/CII. 

PIPI ~j\SS ROO-Rll Rl-l REtRl01 ROO INT RIO INT WEIGHTED NO. F-8/F.8 
IBEVI OF EVENTS 

.280 TO .360 .0"14 -.0804 .1014 -.0240 -.ui17 341 -.0"16 
.05431 I .01971 .01601 I .(252' I .01,,51 I 261 I .04361 

.360 TO .4"0 .028" -.0699 -.0361 • \1,,1 -.1996 2583 .3016 
.03341 I .01861 I .01371 .C1781 I .01011 I 881 .03081 

."40 TO .520 .C192 -.0574 -.0639 .2199 -.1529 758" .3808 
.02351 I .01351 I .00931 .01091 I .00731 118", .01881 

.520 TO .560 .1017 -.01 n -.0728 •• 2729 -.1311 7391 .4727 
.02571 I .01571 I .01111 I .01231 I .00821 IZltI .02121 

.560 TO .600 .1072 -.0656 -.0'119 .2H8 -.1118 1068" .4760 
1 .02361 I .01391 I .oe'l91 .01071 1 .00771 t2731 'I .01851 

.600 TO .MoO .1249 -.0"23 -.1]07 .2791 ' -.1164 14135 .4835 
.021 71 I .01251 , .OC861 I .G0961 I .00681 11161 .01661 

.640 TO .680 .1262 -.026" -.0935 .2574 -.0910 21245 .4458 
.01931 1 .01C91 I .OC801 .00851 1 .00591 14211 .01481 0\, 

.t=-
.680 TO .720 .1696 -.000) -.0'l56 .219" -.0167 33495 ."146 

.01691' I .00881 I .00671 .00121 I .00471 (5511 .01251 

.720 TO .160 .1929 .0116 -.0896 .2347 -.0748 49515· .4065, 
.01471 .OOHI ( .00'561 .00611 I .00191 (6961 .01061 

.760 TO .800 .2094 .0166 -.0182 .2199 -.0616 59116 .3810 
.01 ... 61 .00111 1.00551 • C0611 I .00381 18061 .01051 

.800 TO .840 .2381 -.0013 -.0563 .2159 -.059" 437-.2 .37}9 
I .017'" I .00831 ( .00691 .00731 1 .00451 11021 .01211 

.840 TO .880 .2495 -.0054 -.0311 .2291 -.0591' 22181 .3968 
.02UI ( .0097) 1 .008 ... , • C0891" 1 .00551 14301 I .01541 

.880 TO .'120 .1977 -.0205 -.0051 .2110 -.0595 13598 .)759 
.02451 ( .01l01 1 .00991 .010'" 1 .00641 12931 .01801 

.920 TO .960 .1380 -.0168 .01'16 .2760 -.0541 8863 .47111 8 .02931 1 .01141 .01111 .01201 I .00181 122'l1 I, .02081 
~ 

.960 TO 1.000 .2H2 -.0381 .oeq5 .1592 -.0352 6265 .2157 ~ 
.0)781 I .01621 .01491 .0UlI I .00931 12011 .02911 I-' 

\0 
1.000 TO 1.040 .31035 -.0122 .O"ll .C024 -.0290 4684 .0041 8:-( .04591 ( .01911 .0lnl I .02181 (, .01031 11831 .0311, .t=-

1.0"0 TO I.CIIO .29"2 -.0 HO .0 .. 99 .O211 - .0402 3131 .0400 
.0548' I .021'l' .02e51 .C25", I .01181 11681 .04391 

1.080 TO 1.120 .2977 -.010B .0384 .0129 -.0}92 3311 .1263 
.06091 I .02281 .02201 ( .e2"61 1 .01 ~Ol 11641 .0""01 

. , ~ . ~-



TAB IE IIIB 

5 BEVIC It I ~ ."OIBEV/Clt.. 

PIPI MASS ROo-Rll Rl-l RECltlOI ROO INT 1U0 INT WEIGHTED NO. F-8/F+a 
18EVI OF EVENTS 

.280 TO .360 -.5092 ."563 .2385 .229" -.2029 55 .39'" 
( .0"531 .02691 .O"H. .02571 1 .0067' 10) .0446) 

.360 TO ~""O -.I"Q4 -.Ob81 -.0313 .11 H -.1579 151 .1969 
( .0106) 1 .05121 ( .03141 .0072 ) ( .02581 1 281 .CI2", 

."40 TO .520 .0279 -.0581 -.CQItl .2387 -.lb97 10H ."U4 
.050'" 1 .0256' I .01881 • e2401 ( .01431 ( 531 1 .04161 

.520 TO .560 -.0060 -.0'+92 -.143'+ .2765 - .1405 10Sl .lt789 
1 .00561 I .01921 I .00"6) .00181 I .00531 I '.lei .001l' 

.560 TO .600 .1531 -.0535 -.150'+ .265"9 -.10i8 1"01 .1t605 
.06!!31 I .0264) 1 .0236) .C1611 1 .014'+) l11j .0629, 

.600 TO .6ltO .2:H0 -.0271 -.1660 .2690 -.0968 2211 ."659 
.0'+541 I .020JI I .0176' .02221 1 .01151 (102) .0185) 

.640 TO .680 .3125 -.0159 -.15H .21106 -.088S "'~6 .4860 0'\ 
.031}1 (" .01"21 , .01201 • C l'o9 I , .0081t' 1118 • .02S91 Vl 

.680 TO .720 .3659 -.0291 -.18'03 .2"68 -.0960 6'+17 ."275 
.0148) ( .0112. I .OC92. .0119 I , .00bSI , 18,91 .02061 

.720 to .760 • 44'1t, .02it6 -.1."18 .2299 -.Ob33 9flt1 .3982 
.02151 .009101 ( .oon) .CI06' ( .001)0' (239) .018'" 

.760 TO .800 ."21Q .04CIo -.1281 .218'5 -.0540 llOB .3785 
.02151 • oe'l 11 I .OC191 .0105' I .00"9' (261) .0182' 

.800 TO .840 .4246 .0383 -.0892 .2215 -.05"5 91H .1831 
.C2511 .01Cll l.oe95' .01211 I .00571 124'" .02101 

".8"0 TO • 880 .4463 .0420 -.0125 .Z472 -.0566 6986 ."281 
.0Z'lZI .01181 I .01111 .e1371 I .0065' 121411 .0238' 

.880 TO .920 .)055 .0297 -.0345 .2510 -.0512 "766 .")47 
.0319) .015'" I .01"'" .cinl I .00931 11781 .03061 

.920 TO .960 .3261 .02"" -.0"11 .2901 -.eSI8 4"56 .5025 c::: 
0 

.C3191 .0157) I .0146) .CI81' I .00'l31 (177) .011 3) !:U 

.960 TO 1.000 .5225 .0171 -.0379 .26"6 -.0116 3109 .4584 1 
.0434' .01181 I .01711 .0224) C .0104) 11571 .03871 I 1.000 TO 1.010.0 .61"6 -.0095 -.0231" .1096 -.0360 3009 .1898 
.0"621 , .0184) I .02101 .OZ16' I .01061 11641 .0"18' 

1.0"0 TO 1.080 .4168 .0182 -.034 1 .1342 -.0"13 235" .2324 
.0598) .0231) I .01361 .C3121 I .01321 0"5' .05'+0) 

1.080 TO 1.120 .52'l6 -.021'1 -.1163 .110 18 -.03"" 1891 .2560 
.0510) { • .02111 ( .0210) • C2 811 I .0125) 1109. .0"911 



TABLE rvA 

3. BEV/C PIPI ".SS 10.68.C.84) BEV 

-T ROO-Rll ~l-l ~E(RIC' RCC INT RIC INT OSIG/llT F-B/HB 
(BEV/C'" Imbl 

O. TO .C2C .3711 -.0.029 -.0520. .290.5 -.0.281 1.JHb .50.)1 
.C2361 ( .cceJ' I .0.(16) .Co.94, ( .0.0.511 ( .1 bS61 .0163) 

.0.20. TO .cloC .<0310. .o.CCq -.0.'1·95 .2813 -.0.552 1.1;248 .1;812 
.ClIl' .CC44, I .CC431 .C0511 I .0'2n I .CH2) .00.89, 

.0.60. TO .100 .3'i57 -.0112 -.IC89 .21;20 -.0.725 4. 11tH .4191 
.o.lb31 I .0.0.111 I .CC611 .CC721 ( .00411 I .07041 .0.1251 

.10.0. TO • litO .2q88 -.0. 3CC - •. 0.7'50. .2336 -.0.861 2./0519 ./00.41 
.C216) ( .0.1111 I .CICll ( .1:0.951 ( .00.611 I .0.550.' .0.165) 

.1/00 TO .11lC ."oe 3 -.C151 -.C78b .21110 -.0.880 1.63b8 .3765 
.0.261 , 1.0. lit 11 ( .C1411 .e12<J) ( .• 0.0.811 I .0.50.2) .CU4.' 

.180. TO .220 .5228 -.O861! -.0.485 • 21tH -.0543 1.1139 .4246 
.03/01 I .0.1761 I .OI'lCI .0172' I .01081 ( .0itH' • C29at 

.220. TO .30.0 .51'19 .C2'1C .o.5f8 .2111 -.C4H .5121 .40.11 
.CIH?I .0.0. .. '1' .0.\561 • C 180. I I .0.0.41' .0. 18'1 I .0.3121 ~ 

.100 TO. .40.0. .8611 • ",ec .2885· .1690. -.0.523 • 2510. .2'f28 
.Cl721 .01(4) .C2431 .C27bl I .00."7.1 .CICql .0./018' 

.400 TO. .60.0. .q721 -.t8IC .1561 .1l1S -.0.70.2 .1 JIo 1 .19 Jl 
.0. 1'18' ( .0122' .CCH) • C I/o 51 ( .CC 341 .00.611 .0.252' 

.600. TO .80.0 .5bql -.'5<;<; .2113 -.COC2 -.0.156 .0.(88 -.00.0" 
.3763) ( .1)313' .CCo;9) I .C0861 I .0072) .0170) I .014.'11 

.8ce TO 1.COO .60.45 -.113"1 .3Io"i4 -.COCO -.1101 .0.420 -C • 
.(9441 I .021151 • C 10 I I .01511 I .01421 f .00481 f .0262' 

8 
~ 

Ij' 
i-' 

.,* 
-I=' 

-_.---------_.- .---~ .--.~-------



• 

TABLE IVB 

t; 8EV/C PIPI "'SS 10.68.C.8418SV 

-T ROC-Rli RI-I REI Rial ROOINT RIO INT OSlG/O' f-8/f+8 
(flEV/Cla ( ",., 

o. TO .020 .47.83 .0006 -.oe79 .2616 -.0521 1.1199 .461'5 
.02121 .0ICO, ( .01C61 • C 13<1 I ( .0062' I .044CI .02401 

.020 10 .C60 .56'51 .00qC -.BCO .2606 -.0532 1.4590 .4S14 
.CIHI • 00671 ( .CC7l) .00971 I .0040, ( .03'511 .01601 

.060 TO .100 • '511,6 .03'32 -.1316 .2590 -.0665 .86H .4486 
.C2421 .oo~el I .0('101 .CIBI ( .C054, .02801 .• 02131 

.100 TO .140 .5152 .0218 -.1566 .2433 -.0106 .52!l1 .4214 
.03111 .01151 ( .01191 .C1511 , .00151 .02n, .02711 

.140 TO .180 .5340 .0081 -.1 B1 .2366 -.0568 .1471 .4099 
.t 370 I .01641 , .01691 .C1991 ( .·00951 .0161' .03451 

.1110 TO .220 .5125 .(1352 -.13eo .2004 -.0658 .2352 .3471 
.Cl!19' .0OIHI I .01611 .0229, I .0041, .0126) .0396' 

.220 TO .300 .68115 -.0064 -.'Io'i6 .1816 -.05C5 .1412 .3145 
C .01511 I .00681 t .01551 .02111 I .0:>)1, .00101 .0)651 (h 

~ 

.300 TO .1,00 .tl'}! .0261 -. C <;ih 1 .1010 -.0}79 .01lZ8 .11109 
·.06611 .035C1 1.02921 .C12l1 I .0169' .OOIt'l1 .0')551 . 

• 400 TO .600 • "'5'11 -.C(!4<l -.05C4 • C8H -.07<12 .0165 .ISlio 
.08561 I .04C81 ( .03121 .CB5' ( .021ZI .00251 .0581 I 

.600 TO .800 .2755 • 111: -.0556 .19118 -.1653 .01 H .31,,,,, 
.(;2151 · ontl C .0 1I" I .C0221 ( .00841 .0019' .0038 I 

.800 10 I.CCO .5748 .0')2'1 -.1 HI -.1316 -.lb'll .0016 -.2280 
.C47!!I .03941 ( .C26~I ( .C2001 I .031>'1) .0012' I .031061 

8 
~ 
i 
~ 



TABLE IVC 

3 8fV/C PIPI ~ASS 10.60,C.901 BEv 

-T 
IB[V/C'''' 

ROO-Rll Rl-l REIPIOI ROC INT 

O. TO .020 .H'i2 -.00210 -. Ct> 13 .3027 
.C1951 I .006,., I .OC"41 .C0781 

.C20 TO .060 .3'U7 -.0089 -.lCC2 .2.822 
.01GCI I .00181 I .r.07J .C0431 

.060 TO .IOC .H1I2 -.026C -.10'1 .21074. 
.e13.51 I .('u601 I .':C571 .C0601 

.100 TO .140 • BC;7 -.042C -.C7S'> .2319 
.• C 1161 I .008S1 ( .CC8~I .COllOI 

.140 TO .180 ."Oul -.0634 -.C402 .22108 
.e2291 I .0121) I .01211 .CI091 

~180 TO .220 .5028 -.0587 -.CC62 .2"37 
.1:2681 I .C I 55 I ( .01591 .C1421 

.220 Te .3(;0 .6075 .COb'! .C726 .2372 
• .:: 10 51 .0054) .Ce55) .C1421 

.300 TO .4CC .6698 -.0176 .1~15 .1641 
• ~Oq41 , .C0641 ~CC'l31 , • C 5011 

."00 TO .tOO .8608 -.2162 .1421 .1131 
.COq", I .Jnc, .ce44) I .e051) 

.600 TO .800 .37')8 -.7<;87 .12bC .Cl87 
I .04d6' I .02111 I .012'" I .Cl~lI 

.800 fa 1.CCO .C 7n -.1'1C8 .}~~2 -.CI0~ 
.C2117) , .02S71 .Ol'l51 I .C22S' 

RIC INT OSIG/CT 
1m b) 

-.C392 10.1& 21 
I .00431 I .19'071 

-.0600 9.131>1> 
I .00231 I .09741 

-.0751t 5.2214 
I .00351 ( .onel 

-.0867 3.26 v; 
( .00491 I .00051 

-.0799 2.0358 
( .00701 « .05C';) 

-.0665 1 .. 3"66 
, .00911 I .04221 

-.0566 .6804 
, .00191 .01911 

-.0"83 .3922 
I .011591 .0 13Z1 

-.0122 .18e8 
I .C0381 .0065 ) 

-.080" .1163 
I .OOHI I .C07'-', 

- •. 0650 .0'123 
I .0106' .008U 

F-B/F.B 

.5243 

.01361 

.10888 

.0075 I 

.10286 

.010"" 

.4C17 

.C13'11 

.38'H 
.C1891 

.4221 

.02451 

."IOA 

.OHM 

.211"1 

.0116'11 

.1,.6) 
I .CC881 

.0323 
I .026ll 

-.OlB 
, .03'101 

~ 

(J\ 
CD 

g 
~ 
t:-t 
I 

t 



TABLE IVD 

') BEV/C PIPI "/ISS 10.60.C.901 SEV 

-T 
I REV 10'2. 

ROO-Kll Rl.-1 REIRIOI ROC INT 

0'. TO .C20 .45')2 .002C -.C7eO .2826 
.(230) .00B5, ( .ce90' .01131 

.020 TO .060 .5320 .0127 -.1230 .272') 
.::15Z1 .D05'l) I .C0601 .(080) 

.060 TO .100 .50'13 .0229 -.1389 .2697 
.CZGOI .008CI « .COHI .CI011 

.100 TO .140 .4876 .0197 -.14t6 .Z561 
.02C;91 .Olill I .01ell .0130 ) 

.140 TO .160 .IoBtll> .0062 -.13311 .2374 
.0141 .01~C) I .CI43) .01(7) 

.180 TO .220 .,)243 .00B4 -.lltH .2161 
.Olt131 .02121 ( .01171 .C2071 

.220 TO .300 .6314 -.018t, -.1498 .1 q8t, 
.03bO) j .0151) I .01511 .C1941 

.~OO TO ."00 .5q~'1 .0341 -~lC21l .C986 
.05611 .045/0 1 I .0tHI .C2791 

.400 TO .600 .4925 -.C56C -.0~93 .0517 
.07lt) I .OH61 I .0253) .0282) 

.600 TO .8CO .18C,) .007] -.116" .1252 
.1l1l01 .01681 I .OC811 .elton 

.800 TO 1.000 .1471 • 112~ -. C6 a I -.C953 
• lanl .07181 ( .0.'621 I • C!lSBI 

RIO INl OSJG/OT 
('" II , 

-.0515 1.UIl 
I .0053' ( .0508' 

-.0562 1.9811 
I .CO)51 I .04061 

-.ono 1.1719 
I .0046' I .03141 

-.0721 .7180 
I .0061, .02401 

-.(66) .4742 
I .coell .0187 ) 

-.C111 .H47 
I .01241 .01561 

- .06 17 .1981t 
I .00961 .00831 

-.0~40 .11 W 
I .02011 .00581 

-.0611 ~051S 

« .01871 .002'1) 

-.1209 .0257 
I .00711 .00251 

-.lb80 .0125 
( .02,01 • CO 191 

F-8/F+8 

."896 

.01961 

.4120 

.0 13'1 I 

.4670 

.0t141 

."4)6 

.02251 

.4111 

.02901 

.3141 

.03591 

.H3b 

.0)361 

.170'3 

.0,,8] I 

.0895 

.0"881 

.2168 
.070'51 

"'.lb'5l 
I .10191 

• 

0\ 
\0 

8 
~ 

~ 

~ 
0', 
.r=-
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TABLE V 

. - 0 
Absorption Paraaeters ror n p ~ P n 

p 

(BeV/c) (BeV /e) 

3.0 10101 

1.463 

(BeV/C) 

10353 

(j 

T 

(mb) 

32.16 

29.10 

(C r ::: 1 a.nd Y r::: 3/4 Y i are assumed) 

A 

2 
(GeV/ef 

1.5 

7.8 

UCRL-19464 

. ~ 
; 

0 •. 064 

0.032 



I. a. 

b. 

II. a. 

b. 

III~. a. 

b. 

c. 

IV. a. 

V. B. 

b. 

TABLE VI 

Functions'used to fit the di£ion mass distributions at 3 and 5 BeV/'c 

PS ~o + a1 BWi (!a, lrlr" I" l' £=1~ i = 0, 1, 2 

PS ~o+ a l BWi(m, ml , PI' 1 ... 1) + 8 2 BW1(m, ~ ~2' £=OU 

ao+a
1
m-+ a2 BWi(m, m

l
, r

l
, £=1) i 0, 1, 2 

ao + al m + a2 BWi (m, ml , I'r' £=1) + 8 3 BWi (m" ~, r 2' £",0) 

2 
ao+ al m + a2m + 8 3 BWi(m, ml~ rl,£:l) i = 0, l., 2 

2 
a

o
+ 8

1
m + a2m + 8

3 
BW1(m, m

1
, r l , £=1) + a4 BWi(m, m2 , r 2, £::0) 

FUaction IIItb) +a5 BW1(m, M3, r 3,t=0) 1 = 0, 1, 2 

T t m1n(m) a 

ao fi;, J elIll(Dllt jd.t ... / BW3( m, m1 , r I' l.lj 

T 

~ exp(Dpt) dt 

\1l1n(m) 

-2 _2 
with DB = 2.0(GeV/c) , Dp = 10.25(GeV/c) and T is the t-value at 

which the cut is imposed on the data. See reference 19 

fa'~' + a2 1Bp (m) [2+ a
3 IBru(m) [2 + 8.4 Re Br;/m) + 8 5 Re BQ.)(m) J * 

]1+ B.6( m-mm) + 8 7 (m-~)~ 

[;"+ 82 /Bo(m) 12 + 8
3 

IBp(m) 12 + 84 IBm(m) /2 + 85 Re BpCm) + 8.6 Re Bm(ml~ 

* ~+ a7(m-~) + a8(rn-~)~J 
See reI'ereaee (34) 

f 

i = 0,1, 2 

i = 0, 1, 2 

i :: 0, I, .2 

--..J 
t-' 

8 
!:U 
tj 
f-' 
\0 
+=
(J\ 

+=-



In the above formulae: 

PS ::: 
2 

It q 

T c: 
m 

A(X, y, z) 

12(E~m' 2 
m , 

2 
m ) 

n 
is the dipion mass distribution from phase-space 

2 2·· 2 
::: x + y + z- 2x:y - 2yz .,. 2zx 

1 2 
q ::: 2' (m 4p2) 1/2: is the decay momentum of each of the pions (massy) in the dipion rest frame 

E 2 
em 

2 2 
::: p + mp + 2Elabmp: 

r 

is the square of the c.m. energy 

BWo(m, mo~ r o' .t) ::: 
0 Simple non-re lati vistic Brei t-Wigner distribution 

2 
4(m - IDci ) + r b 

m m rem) 
BW (m m, r , £) c 

O
2 

( 2. 2) + m 2r2 (m) 
1 ' 0 0 

ID -m 0 
0 

mass and angular momentum dependent 

Breit-Wigner distribution. 

with r(!ll) !ll f) r -2-. {.9:.. 2£ + 1 

o m \<10 

q ::: ql 
o . m=m· 

o 

+ 
____ • ___ •• - ___ __ __ •• ____ " ______________ 0 _________ _ 

1\3. 

~ 
~ 
I 

~ 
(j\ 
+=" 



BW2 (oo, mo' 

with 

BW
3

(m, mo' 

I 

'2 j I 
Bp(m) I ;:: 

m' 00 r (m) 
o B r , £) 

o 22<:: 2 2 (mo - m ) + mo r B (m) 

r ( (i + 2/4 2 )" B m) = r(m) , Q'o)1, 

1 + q2/4p2 

r o ' .q 
22, 2 

mo m r B (00) 

22222 
(mo - m ) + 00

0 
rB 

P P m l' ° r 
(m 2 2) im ,r 

p - m - P (~ ) 

(m) 

, 

with r = r - ' ° mp (~ ) 3 
PPm ~, 

I 12 _ I '\" 1'0 III 12 f ~ , 2 
Bm (m) - 2' 

('\,,2 - ~ ) - i "'m!'~ I \ '\, ) 

/Bo(m) r ' I m 1'0 12 o 0 

2 2 
(m ,- rtl - i m rem») o 0 

rO ( 2 2) 

• 

Same as above but including barrier penetration 

f'actors 

See reference (19) 

mp P mp - m 
Re Bp(m) :: and similarly for Re Bm(!!l) IT '2 2 2 2 21' 

(mp - m ) + mp rp I 
-i 

~ 
w 

~ 
~ 
t"'t 
I 

I--' 
\.() 

~ 
+=-



TARLE VIIA 
----------

FU~CT lOll: P It! 
"f ry "1 

r, 
M Z r>- I- D.F t I- IO.F 1,1 

nEvle (PtV/C)L IM[V) (MEV) (MEV) (~\:;V) (MEV) I M!:V) 

I I I (f'" 1=2 I ~. .Ll.O.IO 770.5", 12 O. f, 6 6~'1.'}8 2a~.iq 159.69 H 4.84 

I 1.21 ) ( 3.10 ) ( 7.74) 1l4.RC) 

Ullb,I=2) 3. .ll .C.2l 76K.b8 1.24."'7 645.:12 ;01.17 133.79 33 4.05 

.')0) • (4) I H. Hi) ( 1 7. '16 ) 

111I P .1=21 OJ. .LT.O.40 770.10 I? j. D 1 64').86 
-.. 

304.5'i 142.1l B 4.31 +-

-I .1l7) ( 2.411 ( 11.)4) 113. HI 

I I I ( tl, I" 21 5. .Lf.v.1O L71.7,) 172.1-)1 916.21 h.,1l7 55.16 - 25 2.21 

( 1.60f ( 6.61 ) ( 6. 19) (;:'9. ':iC) 

j-lllr.,1=2) 'i. .LT.D.22 778. d2 17;>.29 916.9r, 54.64 10l9.05 25.12 ' 34.d j 29 1.20 

1.29 ) f 4.1'1) ( ~ .', ~) ) (lq.16) ( 5.91 ) 111.41) C::' 
,0 
!::d-

1111(.,1=21 5. .Ll.C.40 77'1.77 17Z.1C 936.6;3 47. b'4 1029.6) 27.67 4C.55 79, 1.4 D -tj 
I------' 
\[) 
+-
0\ 1 1. H) ( 4.2e) (4.J61 118.64) I 5.371 118.38) +-

+Degree~ of Freedom. 

.' .-
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TABLE VIII 

------------

~. = 733.4 MtV r .. = 12~1 "EV ESTIMATEO OIPION MASS RESOLUTICN AT MW~ 22.51'£V 

ltt t', r. . ,. 
O.Ft '" ,d.';lf 3 

P 
IAEV/C ,I. 

,.., M. ~ ~ ID.F R X10 
flEV/C (MEV) (f'!FV) (MEV) (MEVI I~I 

3. .LT.O.IO W 792.46 159.82 574.13 87.08 41.51 30 1.384 .0550 .470 
( 1.551 C 3.78) I 6.451 (13.831 ( .C795) (_580» 

- 793.69 159.89 574.37 84.33 42.76 32 1.336 
( .871 ( 1.54) C 2.40) 110.83) 

3. .Lr.i).22 W 786.84 158.10 580.26 108.81 55.01 30 1.834 .2360 .669 
( 2. 02) I 3.90) ( 13.811 (30.36) .2205 ) t·534a~ 

- 7RR.77 156.93 581.01 103.95 58.87 32 1.840 
I loPO) ( .85) I 1.03) (11.19) 

3. .L T .0.40 W 788.27 157.96 581.12 115.39 56.14 30 1.871 .3085 .624 . 
( 2.09) ( 4.16) ( 9.86) 125.07) .21001 t .363) 

~ - 190.18 156.45 582.12 111.37 60.69 32 1.691 
( .69) , 2;'02) C -6.57) ( 8.51) 

5. .LT.O.IO W 194.27 113.88 932.56 54.39 39.23 24 .1.635 .2570 4.668 
C 6.30) ( 10.071 ( 7.36' (:n.03 , ( .3515) (6.392' 

- 190.19 170.56 931.50 .56. H 40.98 26 1.576 
( 4.441 ( 9.161 1 7.321 130.911 

5. .IT.0.22 W 191.34 182.89 cn5.11 40.54 31~ 13 24 1.297 .4370 2.b81 
( 4.20) ( 7.46) ( 5.60 1 129.18) .3890) (2.187' 

- In.12 119.36 933.85 44.33 34.41 2b 1.323 
1 3.IAl ( 7.36) ( 6.26) 129.92) 

5. .LT.0.40 W 791.63 187.46 21.8CJ 35 •. 97 2/0 1. /0 99 .2905 1.267 
c::: 936.88 0 

1 1.621 1 ".27 I ( 2.1l) 110.361 1 .0520) ( .227) !:Jj 

11 - 78.7.47 183.79 936.63 20.60 38.46 26 1.479 I-' 
\0 

( 1.861 ( 4.031 ( 2.34) . ( 3.11) +" 
0'\ 

t :;0.,. J).J~'. oj f~··''''' 
+" 

;r ~. -lA.b. 

.. j, 
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TABLE .x 

I 
( - 0 i do 7t" P - w n) rob I 

p 

(P£v/c) t < 0.1 (BeV/c)2 t ~ 0.22 (BeV/c)2 ·t ~ 0.4 (BeV/c)2 -

2.7t 0.137 0.412 0.578 

3·0 0.117 0.352 0.494 

I 

5.0 0.055 0.163 0.229 

tdo values at 3 and 5 BeV/e are obtained fram do at 2.7 BeV/c. 

.. .. 



Fig. l(a) 

Fig. l(b) 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 84a) 
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FIGURE CAPTIONS 

Layout o~ the ~ beam at the Bevatron floor. 

Optical aualogue of the n beam. 

Schelllatic representation of the target assembly show

ing the target anti-counters and the inner target 

counters around the liquid hydrogen target. 

Details o~ the Diboson Spectrometer (camera not shown). 

Electronic trigger logic delllanding one n beam particle 

and two charged secondaries through the Diboson spectro

meter system. 

Cross-section of the t Poaln plate' spark chambers (A) 

and the IHollow plate' spark chamber (B). 

Details of the mirror construction. The front silvered 

thin IIrl.rror ad the back plate are o.f the SUl€! material 

so that tAe:rsa.l stresses are bala.nced out. 

Photograph of the calibration grids and fiducials taken 

at the beginning aad end of each run. The ~ilm co

ordinates of the ftducials determine the scan lines 

fiUld the film coordinates of the individual grid marks 

are used in the spatial reconstruction of the sparks. 

E:xample of an event accepted by SASS as a 'good 2-

prong event' (Chamber 5 is not scanned in this part of 

the data processiAl). 



Figs. 8(b,c) 

Fig. 9 

Fig. 10 

Fig. 11 

Fig. 12 

- 80 -

i I 
i 

. i 
UCRL-19464 

Example or (b) Multi-prong events, and (c) forwar4 nO 

events (Trigger background) rejected while scanning. 

SASS rejects events with multiple beam tracks(not shown) 

as well. 

Flow Chart giving the m.ajor details of the data proces-

sing program. Section A analyzes the grid mark data 

'. and sets up the parameters ror the spatial reconstruction. 

Section B (M5 2!!.) analyzes the corrections to the cham

ber locations while (M5 ~) determines the parameters 

or the beam momentum representation (Appendix D). 

Section Cdeals with the processing of the 2-prong 

( + -events which fit the n.n 0.) hypothesis. 

'Far Grids' and 'Near' Grids' (associated with each 

chamber) used as reference ror spatial reconstruction 

of the sparks. 

Notations used in the spatial reconstruction: YG' za 

are the measured coordinates of the f'ar grids in the two 

views. YF' zF are the projected f'il.m coordinates as 

seen by the camera for a spark with coordinates (y,z) 

in real space. 8V" 6H are the projected inClinations 

or the line or sight. 

Convexity test in the xy plane· (top view) demanding 
separates 

that 81 , 812 , 82 change monotonically/the track seg-

ments which belong to different trajectories in the orbit 

determination. 81 , 82 refer to the projected angles or 

the tracks in any two successive chambers. 



Fig. 13(a) 

Fig. l3(b) 

Fig. 14(a) 

Fig. 14(b) 

Fig.14(c) 

Fig. 14(d.) 

Fig. 15(a) 

Fig. 15(b) 

- 81 - , UCRL-19464 

Histograms of' the uQconstrained missing mass at 3 ~eV/c 

for events kinematically constrained to the hypothesis 

"-p .... n+]I(-n and with dif'ferent cuts on the l- for the 

kineasatic fit. Events with l- <50 are accepted in the 

analy'sis. The neutron peak clearly visible in all the 

histograms has very little background f'or the, sttilected 

sample of events. 

Histograms of' the unconstrained missing mass at 5 BeV/c. 

2 
Events with X < 25 are used in the analysis. 

Unweighted dipion mass distribution at 3 BeV/c for events 

+ -fitted to the (re n n) hypothesis. 

UnweiiP,ed dipion mass distribution at 5 BeV/c for f'it-

ted events. 

Unweiihted dipion mass distributions at 3 GeV/c for dif'~ 

ferent regions in It I and Cos B rere 

Unweighted dipion mass distributions at 5 GeV/c for dif

ferent regions in It I and Cos B ren 

2 Unweighted Chew-Low plot at 3 BeV /c,: s == m in 
- nn nn 

(BeV)2 vs -tin (BeV/c)2. The events are tomlnantly 

'peripheral'. The solid line represents the kinematic 

boundary. 

Unwelghted Chew-Low plot at 5 BeV/c. Srcn 
2 in 

(BeV) vs -tl (BeV/c)2. 

2 
m in 'nrc 



Fig. 16 

Fig. 17(a) 

Fig. 17(b) 

Fig •. 17(c) 

Fig. 11(d) 

Fig. 18(e.) 

Fig. 18(b) 

Fig. 18(e) 

Fig. '19 

- 82- ~RL-19464 

One pion exchange diagram. t:,.2. -t is the square of 

the'4-BlOll1entum exchanged between the two vertices and 

s 1s the square of the c .00. energy of the ,initial or 

:fina·l state. 

. . 

Unwe1j}!ted}ll&ss distribution at 3 BeV Ie for the (J{ -n) 

system. 

UnweiFted mass distribution at 5 BeV Ie for the (It-n) 

system. 

+ Ullwell#lted !I'18.SS distribution at 3 BeV/c "for the. (ll a) 

system. 

Uuwe,ieted mass distribution at5 BeV Ie for the ("t n) 

systemo 

Uaweii!lted Dali tz plot at 3 BeV/e: s vs B \. +. 
JOt an 

Unweigb.ted Dalitz plot at 3 Bev/e: B vs B 
JUt nrr 

Unwei~hted Dali tz plot at 5 Bev/e: a vs B +. 
71:lt nn 

Unweighted Dalitz plot at 5 BeV/e: s vs $ 
f(1( nrr 

The Gottfried-Jackson Frame of reference used for the 

analysis of the dipionangular distribution. This is 

the rest frame 'Of the dipian, the quantization axis 

being along the direction ·af the incident picn in this 

frame. 



Fig. 20 

Figo 21 

Fig .22( a-f') 

Figo 23(a,b). 

Fig. 24(a,b) 

Fig. 25(a,b) 

Fig. 21 

- 83 - UCRL-19464 

0.1 .2 
Forward-backward ratios at 3 and 5 BeV/c for It I ~/(BeV/c) 
as a function of m (BeV) indicating strong interference 

1111 

of the S-wave aaplitude with the P-w8ve amplitude in the 

+ - 4 11 11 channel in the dipion mass range 00 to 1000 MeV. 

S..;wave (Isospin T = 0) phase shifts at 3 and 5 BeV/c for 

+ - . the 11 nsystem derived from the forward-backward ratios 

2 < 2 
for It I ~ 0.1 (BeV/c) (neglecting 0 , the S-wave phase 

o 

shift in the T = 2 state) • 

. (BeV) . 
Density matrix elements VS!It .. at 3 and 5 BeV /e far 

, ,. .. TlIT 

different ranges in Itl. 

Density matrix elements vs It I (Bev/c)2 for m in the 
rO{ 

ra~ge 0.68 to 0.84 BeV. The solid lines are predictions 

based on OPU. 

Density aatrix elements vs It I (BeV/c)2 for m in the 
JIll 

:ranee 0.6 to 0.9 BeV. The Bo11d lines are pPe4ict1ons 

basd OIl' OPU.. 

Forward-backwardrat10s at 3 and 5 BeV/c for m in the 
JlJl 

2 
"a/lit (ab) TI It I (BeV/e) for au: . in the range 0.68 

to 0.84 BeV. The solid lines represent predictions 

based on OPEA. The curves are normalized to the data 

points at It 1= 0.04 (BeV/c)2 • 

. 2 . 
dcr/dt (sb) vs It I (BeV/c) for!ll.. in the range 0.6 

_ ~11 

to 0.9 BeV. The solid lines represent predictions 

based on OPEA. The curves are normalized to the data 

points at It 1=0.04 (BeV/c)2. 



Fig. 28 

Fig. 2, ( a , b., c ) 

Fig.30·(a,b,c) 

Fig. 31 (a,b,c) 

- 84 - UCRL-19464 

One pionexahangediagram with absorption in the initial 

and finai channels. ci,fand li,f are the absorption 

parameters. Ci and., i are derived from the total and 

elastic JtN cross-sections. Cf = land 7 f= 3/4 )' i ·is 

assumed as per the Gottfried-Jackson prescription. 

WelEted histograms of the dipion .!!!! at 3 BeV/c 

for dif't'Tent ranges in It I. The solid line A repre-

sents the fitted curve (Function III(b), i = 2 in 

Table ) and B, C are the contributions from the pO 

and the added Breit-Wigner enhancement respectively. 

The background (not shown) isln this case'smallbut 

negative. 

Weighted histograms of the dipion mass at 5 BeV/c 

for d.ifferent ranges in It I • A is the fitted curve 

(Function III( c) 1 = 2' itl Table ). B, C, D are the 
- . ' Q 

contributions ·:t"rom P , the enhancement around. 930 MeV, 
I 

IUld the enhancement around 1030 MeV respectively. The 

d.otte4 ~rve B represents the.bac~. 

"1te to the we1atrted dip10n ... d,1at;r1but1ott at 

3 BeV/c, using function V(b) .in Table' and 

a excluding the W contribution. Solid line A 

represents the fitted function V(b) in Table 

and represents the contribution from the enhancement 

around 510 MeV. 



Fig. 32 (a,b,c) 

Fig.- 33 (a,b,c) 

Fig. 34 (a,b,c. 

- 85 - UCRIr-19464 

Fits to the weighted dipion mass distribution at 

5 BeV/e using function V(b) in Table and excluding 

the W
O contribution. Solid line A is the fitted 

function V(b) in Table and B represents the 

contribution fram the incoherent enhancement at 

930 MeV. 

Fits to the weighted dipion mass distribution at 

3 P$!V/e using the w.-p interference model and an 

added 1ncoherentenhancement (function V(b). o w 

is included. GurYe A is the fitted function and 

B the contribution fram. the added enhancement at 

510 MeV. 

Fits to the weighted dipion mass distribution at 

5 BeV/c using the w-p interference model and an 

added incoherent enhancement (function V(b). wO 

is included. Curve A is the fitted function and 

B the contribution fram the added enhancement at 

930 MeV. 
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.,,- Beam (top view) 

X BL 688 - 3526 

Fig. Ib 
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DIBOSON SPECTROMETER 

(top view) 

DIBOSON SPECTROMETER 
(~ide view) 

Fig .• 3 
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---U5ABLE AREA OF CHAMBER 

LUCITE ,FRAMe 
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FIG. 13 

Fig. 5 
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BACKPLAT7 
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Side view 
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XBB 691-102 

Fig. 8a 

t, 



-95- UCRL-±.9464 

(b) 

XBB 691-105 

(c) 

XBB 691-106 

Fig. 8 b,c 



I7:j 
..... 

(jQ . 
\D 

A. 

8. 

c. 

.. , " 

5A55 COOROINATe5 
FOR GRI05 a.F/Of./C/AL:5 

"':'IlM H0005COFC 1-1 ____ .., 

TRIGGEREO 

TO ReCO'V.5TRVC71ON 
IN 'c' 

MEAN .5I1IFT 
FORO/AMBeRS 

i 

MS 
MI545Uf<CMCNT;:} 

i 
! 

IVO 
~----~+ ~ 

CeNTRAL MOM. Fb ANO 
ORICNT.:JTION 610 
ReLATIVe TO ReFCReNO. 
AXt:.5. 

ACCEPTA8Le 
('-PROfIo6 cYEIV,/ ~.Te..)( .. FT ... ·· 

KINEMATte ~/T i 
70(71"'''''-7)) 1------' 
IIYPOTIIC.5/5 I 

XBL 702 - 344 

~, 

". I 

-..0 
0' 

~ 

f 
'£
~ 



-97- UCRIr-19464 

GRIDS: 3- Space Calibration 
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..... ----------LEGAL NOTICE----------.... 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor a:ny of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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