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ABSTRACT 

Differential cross sections for the inclusive proceHes 

a+ p • c + x, where a and c can be any of wt, kt, p or~. ~~re 

measured at 100 and 175 GeV using the Sin9le Arm Spectrometer 

Facility of the Fermi National Accelerator Laboratory. Th• sea

surement• covered a range in x from o.1i to 1.0 and in 5!1.fraa 

O.l to l.~5 GeV/c. Emphaais was placed in the analysis on the 

beam fragmentation reqion. Several models of the fragmentation 

process were tested and were shown to be in good a9~t.witla 

the dau •. Th••• models suggest that the quark-parton picture 

mar play a central role in describing th••• low pJ.picoces .. a. 
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l. IllTRODUCTIOH 

A. Background 

'l'h.e trend in e.~·:>41r.twnt• in elementary parUcl ~ ph~•ic• 

h~s •i"'"iS been to .US'.1 incr-~asin9!y :nor" enei:aetic pa<rticlu 

for probes. Thi• enables the fine •tructure of particles to 

be studied with increasin9 resolution. In •tudyin9 hadron

hadron colli•ion•, however, ~ne is faced with an increasin9 

aultiplicity of particles which are produced in a single col

lision. For e11ample, prqduction of over twenty charged par

ticles in a •ingle event i• not unconnon at 100 GeV. For the 

experimentalist it becomes a difficult if not impo•sible, task 

to identify and understand the details of these reactions1 

theorist• al•o encounter difficulty in interpretia9 these 

events in detail. It i• for this reason that inclusive experi-

mant• are performed. 

In a sin9le particle inclu•ive mea•urement, the rate of 

production of some particle type c, from a colli•ion involv

ing particle tn-es a and b, .is -asured without regard to any . 
other partic~es which 111ay be produced. 'l'be reaction is denoted 

a+b+c+X 

where X includes .verythin9 aot obaerved, '1"be Lonata invar

iaat c=c>H section is vrittea u 

''" .L! .) Ee~, •TC•,rc 
• P• 
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Jat.,rating tbe inclu•ive oro•• •ection, then, give• 

J """ d' ) .~ ( ) · ;rp.' p .. c < l'lc O"tnu 5 , where < n0> b the •an mal• 
~licity of o-type particle• in all ab colli•ion•• 

. !Ida 9Nely r.eflect• the fact. that reaction• which produce 

more·tball one c-type particle will be counted more than once 

~. tlls integs-al over all c -nta h taken. 

la exper.iment• vi.th unpolarbe4 beau, the invariant 

croa1 notion• 4o nott depend· on i:olladona. ~ tbe bel!m· ab. 

tJaen a.re, thuefore, ·only three independent variable•. We 

aaed. tJae ... t •• IPcl and e. 
!IRl9, inclu•ive cro•• •ectiona are a •tati•~ica1 like 

AJ1i>liag ol a11 available excluaive proce••e•, i.e. those in 

vbicb all observablH are completely determined an4, hence, 

esc:l11d!e any other po1dble final •tate. Our hope in udng tb1• 

.iqiproac:h wa1 to average over the unintereating 4etail• of a r .. 

actian, i .. ving • 4iatribution which di•play• the •al1ent re· 

gulariu .. of the phy•io•. 

u.e topic of thi• theai• center• on the incluaive croa• 

aec:t.ions in the projectile fragmentation region. The proce•• 

of ~jec:t.ile·fragmentation ia •ketche4 in. Pigure 1. The~ 

.,art.ic:le pu•e• bf the target pa;.;ticle. There .i• an interac:

tic:a lletween particle• A and. a. Particle A may tben frav-em:, 

producin9 •evera1 particle•, inc:ludin9 particle C which ia 

detecaid. Since particle A had, J.nitaillJ', a Yer}' higb .,..n• . 

tua b·tbe lalloratory fr ... of reference, it• fragmenta will 

I 
\ 
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' also tend to have a con•iderable 111110unt of forward 111011entua. 

Particle B, the target, may al.o fragment in thi• proceaa. 

Because the target particle ia at re•t in the laboratory, iU 

fragMenta tend to move 0>re dovly. ln our experilnont, -

only l(l()~e~ at :.igh nome:it11111 par~iclew in the t.rward direction, 

·BO ve would •ee essentially only fragment• of the beam particle. 

· P.c.11. I c.a. Thia ia roughly in the range of Feynman •p ! 
1 

c P
1118

x 

from 0.2 up to o.a. 
Experiment• have been perf or111ed previously to •tudy the 

fragmentation region of the proton at high energie•. Theae 

have included both fixed target experiments at Pe?Di National 

Accelerator Laboratory1 and colliding beam experiment• at 

C£RH. 2 In addition, Soi:l8 bubble chamber measurements with in

cident pions obtained limited •tatistics in the pion fragmen

tation region. 3 novever, particle identification of the de

tected fragir.ent in these latter experiments va• limited. Our 

experiment extended the data to include particle 
0

beama of 

•+'•• .-•s, x+'•• x-•. and p'• a• well a• proton•. Jn addi

tion, ve achieved rea•onable •tathtical accuracy for mo•t 

reaction• and had excellent particle identification. Thirty

aix po••ible reaction type• were .... ured at energie• of 100 

and 17S GeV. s- additional data were taken at 70 GeV. 

) ) 

-12-

' •· Experimental OVcrvi-

'l'he overview of our experiment 18 •bovn in Fiqure 2. 

Charged pion•, kaona, and proton• with lllOlllenta PA of 100 and 

175 GeV/c -re •~lected by the beaia line and v~r~ focu•aed to 

a ap0t on the proton (LH2) urget. -l'he •pectrometer wa• ae" 

at an angle 8 with respect to the incident beam axis. lt ac

cepted particle• which were produced at a desired momentum Pc 

a• a re•ult of an interaction at the target. The experiment 

measured the •ingle particle inclu•ive cro•• •ectiona at var

iou• pc and e or p.J. value•. our kinematic cover1199 vaa in the 

range from Pc • 20 GeV/c to Pc • pA and from ~ • O.l GeV/c to 

1 2S GeV/c At a niven time, the beam line could provide p.J. - • • .,. 

identified pion•, kaon•, and proton• of a given energy and 

charge. Similarly, the spectrometer could •ir.ultaneou•ly mea

sure yield• of pion•, kaon•, and protons of a given mo~entum 

and charge. Spectrometer measurements were made for charge po

larities which were the same and opposite to those of the beam. 

In addition to mea•uring the cross •actions, the target area was 

in•trumented with a variety of detector• which allowed the inea

•ureinent of ~ charge multiplicity and pseudo-rapidity of the · 

interaction that produced the particle detec:ted in the spectro

..ter. Since tbia charge 1111ltiplicity inf~tion constituted 

infoniation onr and abcml that obtained in a purely inclusive 

t.reatllent, thi• type of -.r1-nt ia .-.timu tu.eel •-1-
.t.ncluhe. 
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'l'bi~exped.ment WH undertaken H & joint· effort .~ me11-

.ber• of fiw in•tituUou1 ar9'ftl Univerdty; czu, Feral Ra

tional Accelerator Laboratory, In•tituto di riaica and latituto 

.. aionale di Fi8ica llllcleare in Bari, Italy, and 11.~.T. Tiie 

~rislea.t ran in a two-year period fro11 the rall of 1975 to 

the S\11!1118r of U77 and Wied over 2500 beam hours for data tak1ftt. 

~.data analy•1- l>ein9 per:fonied at M.:t,.T, lor thb ex

per-illant i..- . .._.. bmJlea ~into thrH parts. _I~fo~tion 

-cernin9 the ... 80Ciated char9e multiplicity will be analyaeid 

~ J,. Votta. 4 ~ .. IMICtiOM with .... ~ ... 7 will be the 

.aubject .of & .·Reffe pole aaalpia -~ w. Ai~. 5 The croa• 

,HCt:icm9 vie:h X.. hlaw o.a are the topic of thia ~ab. 
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' c. Phyaica Motivation 

Th• idea that hadron• are COll!p08ed of quark• ha• had 

amazin9 eucc••• in explainin9 many of. the etatic properti•• 

of tb• hadror.e. Prediction• concerning inter:l&l qua:itua n•• 

bera, 111a•• differencee,,~nd .. ,n~tic 'SIOlllllnte avr•• W.11,~ith 

experi111ente. 

In deep inele•tic electron-nucleon ecatterin,, Bjorken 

ecalin9 arieea cut of a lllOdel where the nucleon• are COllpOeed 
I of pointlike, quaai-free conetituanta called p&rtone. In• 

ela•tic electron~ and neutrino-hadron experiment• have ehown 

that tbeae partone can have the quantum number• of quark•. 

Thus tbe quark idea conceivably can play a role in explainin9 

the underlyin9 dynamic• of lepton-hadron proc•••••· 

In hadron-hadron interaction•, th• quark hypcth••i• ha• 

bad a more lilllited role in the lllOdel• of the dynUlice. Most of 

the work ha• been directed at tb• hi9h traneverH momentum 

re9tme. 7•8 The reasonin9 le tbat th••• hadronic proceHH can 

COlll8 about only throu9h the hard, lar9e anvl• ecatterin9 in

volvin9 the hadron'• pointlik• conetituente. 

aecently there bave been aeveral lllOdel• developed which 

concern themeelvee vitb low tranever•• llDDllllntwa proc•••••· 

t'br•e of these lllOdele will be uaained and th8ir predictions 

ooapared w.itb our 4ata. TbeH model• ar• baeed on (1) a quark 

frapentation order.lag echem, (2) a .-rk reoclllbinatioa pia

tare, IUIC1 (l) a quark oowatiag .... JbaM •PllC• idea. All t:brM 

) ) 
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of theee theoriea rely on the quark content of the hadron• 

involved in order to predict the beam fra9mentation diatri

butiona. 'l'h••• lllOd•l• are attractive in that they .. Y. lead 

to a unified picture in 11hicb to understand the etal!ic pro-. 

perc1e• of hadron•, lepton-h•d¥on inceracti0.1• and hadron

badron interaction•. 



• 

-17-

A. Accelerator 

'1119 upexi•nt vaa performe4 at: Fual ... tional Accelera

tor r.boratory in Batavia, Illinoia. The accelerator, a p~ 

ton SJDChrotxon, ia ahown achenlatically in Figure 3. The ac

celerator delivered 400 GeV protona for an average of oae .. ~ 

CODI • .,,.,. qcla. .. ~ cwole laaU4 an ..,_..,. ef lZ aeconcle. 

~- wen pnid11eed by ioniain9 hydr09en 9a•. Thea• 

protoaa -re auc~eHively accelerated to 750 keY by theCock

IOft Will.ton, to 200 MeV by a linear accelerator, and then to 

I GeV by a booater aynchrotron. '1'hll proton• entered the Min 

rU19 wtiiere they coaated while the preacc:eleration cycle wae 

npeated 12 .->re time• to bring the total nUllber of protona to 

Oftr J a 1013• 

!'- proton• in the main ring were grouped into 1113 

llanc:bea wbiclll wre apread uniforllly throuvllout the ring-'• 6.21 

Im c:!Rumfereace. Thia bunching of the particle• bad the effect 

of forcing the extracte4 proton• to appear in charge bucket• 

separ;ted by-1' na. The protons were then accelerated to 400 

GeV br ~e main ring arid extrflCt.!d over a period of abc.ut ·a 

aecaDd. The extracted proton• were •hared between the Meaon 

·Laboratory, Proton Laboratory, an4 the Neutrino Laboratory ao 

tbat Mftral experiment. could run aiaultaneoaaly. ·Oltr experi

-t ... located in the M6E be- line of the Meaon Laboratory. 

( 

/ 8GtV 
OOOSTER 

$YlllCHAQTllON 
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B. MliE Beam Line 

Tbe bade configuration of the beaa lino and apectrcmeter 

elet11enta ha• been deacribed previoualy and the detail• .. y be 

fo1111d in reference t. &nly a brief d6acription, with t.~o ..

phasi• on change• and. additio •• a to the bao!c config ... rat:ion, 

will be deacribed here. 

The Mli beam line waa one of aix beam linea in the Meaon 

Laboratory and waa aituated at an angle of 2.7 mr with reapect 

to the extracted proton beam. The beam line limited the angu

lar and mo~~ntwa acceptance of the beam and dete.r:mined. the mo-

111entum, trajectory, and identity of each particle that entered 

it. It did thia with the aid of a ayatem of dipole and quadru

pole magnet•, adjuatable colliJnatora, acintillation counter ho

doacopes and gaa Cerenkov counter•. 

A aketch of the Mli beam line ia ahown in Pigurea C and 5. 

The COO GeV proton• from the accelerator impinged on a beryllium 

wire, which acted aa the me.aon production target. The inter

action• at the production target produced a apray of particle• 

of various type• and momenta. Thi! magnetic quadrupole element• 

acted aa len~e• to form a point to parallel to point imaging 

ayat•• in the firat atage. 'lhia imaging •Y•t- collected the 

particlea which paHed throu9h the aperture atop• and imaged 

tllem at the firat focua, 'l'heae aperture atop• wen adjuatable 

oollimatora vbich lillited tile vertical ud boriaontal anplar 

~- of the beaa. 'Ille septa ud ..ta bend •vn-t• <aav-

) 
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netic dipole el9Mnta) -r• Ht to allow only particle• with 

the deaired char9e polarity and .,..ntwa to paH throu9b the . 

ayn... Specifically, theH •vn•ta di•per•ed the beaa hori

aontally at tb9 first foi:u• accordin9 to the -.int• of the 

peiticles in th• beam. Tb• momentua •top collimator waa .ad

justed to tranalllit only particle• with a lllOlll8lltU111 deviation 

ot lH• than ! 0.4t fftlll the nolllinal ••ttin9. 

The •eoond •tage -• also a p()int-'to parallel to point 

imaging •Y•tem and acted mainly •• a clean up atage to filter 

out •tray particle•. Additional moment\1111 dlaperaion waa intro

duced by a bend ugn•t. Also in this atage waa a gH Cerenkov 

counter, BGASf, uaed for particle identification. At the fo

cua of thi• aecond atage wa• a trigger counter B'l'l and the 1110-

1111ntwa hodoscope, BP, which tagged the mo-ntwn of the particle. 

The third and final atage waa again a point to parallel to 

p()int iu9in9 sy•t- and waa the 110at heavily inatr.-nted of 

the three •t•9••· Particle• leaving the aecond focua fir•t 

paased through BGAS, another ga• Cerenkov counter. They were 

then focuaaed into a parallel beam by the firat set of quadru

pole len•e•.· In thia aection there were two differential gaa 

Cerenko·.- counters which requi~ed a para!lel beam to operate 

aatisfactorily. Al•o in the parallel region -re bend u9neta, 

Which reCOlllbined the .,..nt\llll•diaperaed be•• so that the final 

focus would be aebroaatic. The laat aet of lenae• focuHed the 

parallel beam onto the liquid hydro<Jen tarvet. En route to 

( 
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' thi• third focua, the particlea paaaed throug~ t:he e-+ and 

X-Y hodoacope•, and alao t:hrough t:he aecond tri9ger counter, 

BT2. The e-+ and X-Y bodoacope• allowe4 the angle and posi

tion of eacn particle at the'ta~get to be 41.ltenained. The AVB 

magnet& ilN.owed the scattering ang:;.... to be 't"aried .... a will be 

described in section D. The other counter•, wire challlbera and 

hodo•copea aurrounding the target area were uaed to meaaure 

the charge multiplicitiea aaaociated with an interaction and 

will be deacribed in aection• F and G. 

In addition to the major magnetic component• de8~ribe4 

above, there were a number of small trim magnet• which are not 

atiovn in the figure•. The•• trim lllBgnet• could make minor 

changes in the ateerinc; of the beam. These adjuatmenta were 

neceaauy both in t:he initial aliv-nt of the beu and also 

in the course of running when t:he extracted proton be.. ahifted 

•lightly in poaition •.• 

) ) 
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C. Sinqle Az1ll Spectrometer 

'l'he spoctrometer function• were aimilar to thoae of the 

beem line. Any •cattered particle entering the acceptance of 

the •pectrO"l'•te~ :ia4 it• llOmentum, trajectory an" i~,.ntity 

-dete:nnined. '\'he •feCtrOlllO"tet h aketched in Figur• 6. 

Particle• were collected from t:he hydroqen target by the 

fir•t •et ·of quad~pole lenaea. They were then focuased into 

a parallel beam in order to allow t:heir proper identification 

in the differential gaa Cerenkov counter, SDIF. A a111all bend 

magnet preceding thi• counter •wept lov energy particle• out 

of the acceptance of the counter, In addition the particle'• 

vertical angle waa mapped into vertical diaplacement in t:he · 

parallel region and wa1 tagged by the vertical angle hodoacope 

(VAL). The •econd •et of len••• brought thi• parallel beam 

to a focua. Between t:he lenaea and the focu• waa the atring 

of four bend magnet•, which were uaed to analyze the momentum 

Of the acattered particle. One Ht Of wire chambers before 

t:he bend magnet• and t:hree aet• after them were uaed to track 

the horizontal and vertical trajectorie• of the particle• 

aero•• the magneta. The particle• alao were required to paa• · 

through t:he two trigger counter• STl and ST2 before t:hey were 

accepted. 

1'118 particle identification in tJae apectE01111ter vaa pro

Tided by the tk9e fU Cerealov COUDtB8 IGA&l, SGA82 1 ud 

SGASJ, in llddition to SDII'. Abo, a pair of electron shover 
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eowtter• and a 111Uon calorimster were uaecl to detect lepton•. 

unlike the be- line, the •pectrameter had no adjutable 

collimator•. !'Jw total acceptance wa• liaited only by the 

aperture• of the •gnat• theuelve•. In our analy•u, however, 

we have cho•an to use a ... 11er acceptance defined by •oftware 

cut.a on the coordinate•. 

All the ugnat.a in the beu line and •pec.tr0111eter -re 

contzollect by a· coqiui:c syn-. Ma4pleU ·could be Ht to epe
cific value• by •ilnply typing on a eomputar console. In addi

tion the curr:ent and voltage reading• of the u9nat power •up

plie• could be 1110nitored and di•played • 

For the bend 111a9nat•, 1110re accurate 1110nitorin9 wa• desired. 

Th••• 11agnets had small dwmay magnet•, of identical COhlltruction 

to the full •iaed magnets, placed in Hri•• with their power 

•upplie•. The•• d11111111Y •gnat• then had their .&gnetic field• 

·monitored with beth an llMR probe and a rotating coil device, 

llnown H a Ranon probe. 
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D. AVB System 

Because the spectromoter was 500 feet long it was illprae• 

tical to move it in order to •asure the croH aectiona at dif

fer~nt acatte~ing angle•. Inatead, the '>e11111 ~a• ~teered verti• 

cally, thwugh differPnt a.1~>.es, onto the target by a •Yllt~ 

of three bend magnets known as the angle varying bend• (AVB). 

Since the scattering angle was varied in the vertical plane 

and the momentwn analysis was performed in the horizontal plane, 

measurement• on one variable were decoupled, to first order, 

from measurement~ on the other. 

These bend• could either steer the beam down onto the tar

get to make a positive angle with respect to the apectrometer 

axis, or steer it up onto the target to make a negative angle. 

The aystem waa set so that the beam crossed the o0 axi• at the 

center of the target cells. 

To allow the beam to thread through the center of the 

aperture• of th••• magnets, the last two -gnet• were 1110unted 

on hydraulic jacks, which could be operated remotely in the 

counting house. The jacking system i8"0•ed a limit of approxi

utely 100 .mr on the positive angle. In addition·, in oxder to 

' keep the incident beaa centered on the Y bodoacope and the 

BT2 trigger counter, a ~ate jack stand waa used to aupport 

thde coant:era. .!hia jack ataD4 vu rai.Hd and . lowered aJ.onv 

witll the AYB MgDeU. 

) ) 
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•· 'l'arset AHembly· 

!be target aaaellbly lwld aix different target•• 

Cell Mo. Content• l!_engtb 

1 !..!quid hydrogen lo• 

2 Li1uid hyirog"" zo• 
3 Liquid deuteriUll lo• 

4 Ho target 

5 Dwmay or replica lo• 
(empty) 

I Dwmly or replica zo• 
(empty) 

Bach target was placed in an inaulatec! and evacuated chamber. 

'l'he liquid hydrogen and liquid deuteriwn were produced bY li

quefying ga• inside the target assembly via two closed-loop 

refrigeration aystem• attached to the assembly. These refrig

eration aystema produced very cold helium gas, through the 

throttling process, which entered a heat. exchanger. T~e hydro

gen (or deuterium) gas condensed on the exchanger and flowed 

into the target cell. Dwmiy targets were constructed to be 

identical to the liquid targets but remained empty. The target 

aaaembly waa
0

110torized so that the desired target could be posi

tiOlled either locally or, rt1110tely, at the counting house. 

!be target usllllbly was mounted on a motorised tilt stand. 

'l'bi• tilt stand could be ..._. ao that the taqcts always re

Miaecl puallel to t1w incident ...._ when tbe AVB SJ•U. 

cbangecl the Mattering &Dfle. !be tilt 919tea pivoted about 



• 
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the aldl!O}..t of the target cell•. In addition to tbe ta~et 

Uffllbly, all of the COWlten, hodo•cope• and wire chamber• 

ued to MUare cbarge aultiplicity were .,anted on thie tilt 

ir-. 

( 
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' r. Scintillation counters and HodoacoPH 

'l'he scintillation coun.ters used in the beam line include 

the two tri99er counter•, BTl and BT2, the lllOlllentum hodoecope, 

BP, the •-• and x-Y hodoscopes and two set• of hole counters, 

BTfll and BlJAWS. The two tri99er counter• defined the acceptable 

aperture of the belUll line. A particle va• required to pa•• 

through both counter• before •ignals fr08I any other counter• 

cc:iuld be considered valid. In addition, •i9ftala from the two 

aets of hole or.jav counter•, each vith four movable jav•, 

were wied in the third •tage of the beam line to veto the eig

nal• froa the tri9ger counter•· In thia way, we could define 

an a~ceptable aperture smaller than the physical si~es of the 

tri99er counter•. Thalia jaw counter•, which are not •hown in 

the figure•, effectively eliminated any •tray particle• or 

beam halo from triggering our •y•te111. Signal• from another 

counter, dE/dx, not shown in the figure•! and •ignals from BTl 

were used.to provide pul•• height in,formation. Thi• pulse 

height information was u•ed to monitor the double bucket rate: 

i.e. the rate at which two or more particle• caRe down our belUll 

1•.,e but -re not re11?lvable in t!"le by 0111' r.ounter•. 

'l'h•. 111>•ntwa hodosco ..... , BP, consiat'td of·thirty scintilla

tion counter•, each 2.5 .. vide and placed laterally, in the 

horisontal direction, aero•• the be-. Thia hodo•copo wa• 

placed at a location vith a 11C1111entwa di•per•ion of 4.44 C11 for 

each percent deviation fra111 the central or llOllinal llOlllentua. 
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From a knovledga of which element waa atruck, we could deter

mine the incident particle'• -tum to within .06' by the 

fonaula 

• . • i<::' ' incident • · 
'llhera X Cm-' is i:he l\or bontul dieplacemen\. •t tua BP ho>doac;.pe 

in centimeter•. 

The e-+ and X-Y hodoacopaa ware fabricated according to 

a new design employing fiber optic light guide• and were able 

to achieve a 1 11111 reaolution. Each hodoacope contained two 

row• of acintillator• each 3 111111 wido except for the end piece• 

which ,.,.re only 2 min wide. Theae two rows were arranged to 

overlap by 1 111 to provide a 1 an wide logical bin aa ahown 

in Figure 7. '!'be number of ~laments .in each hodoacope i• list

ed in Table I. The 8 and X hodoacopea were used to determine 

the horizontal position and angle of an incident ,pArticle at 

the lllidplane of the target. Similarly the + and Y hodoacopea 

were used to derive the vertical angle and po•ition. The 

quantitie• were calculated by aaaUJ11ing that the entire diatanca 

be::ween the e-+ hodoacopea and the hydrogen target acted a• a 

drift apace:·i.e. that there were no effect• due to the pra

aenca of ugnetic element• and that aillply straight line pro

:lactiona of particle tra:lectorie• were valid. 'l'hia aHUlllption 

wa• a •light fiction ia the region of the A'VB .. gnat•, but thi• 

was ignored, •ince tbe affect wu .. 11. lbe aalculaU.on, tbu, 

for the incident hod-tal &Dtla·wu 

) 

BP 

88 

a+ 
Bx 

VAL 
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' Figure 7 

ONE THIRD OVERLAPPED HODOSCOPES 

. -rr--, 
Im~ - -u_-_ _2Jmm 

Table 11 Hodoacopa• 
Diatanc:e 

From Target No. of Elame~t 1/3 
Midplane Elements aize. 0Verlappin9 

133,23 ID 30 2.5 - Mo 

22.20 • 8 3 111111 Yea 

21.78. 8 3 - Yea 

5.99 • 11 3 - Yea 

5.95 • 8 3 - Yea 

25.80 • 10 6.5 - 'fa• 

) 

Decode 
Se=se · 
Hori~. 

&orb. 

Boria. 

v.rt. 

Boria. 

Vert. 

Vert. 

• For hodoaciopea with one third overlapping, ·tba eA4 el-.at• 

are 2/3 tha aiaa of the-central eleaanta. 
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• X(B8} - X(BX} 11nc14ent 1(88} - l(&x) 

when X(B&) Uld X(BX) are the horbontal diaplace•nte of the 

particle froa tbe central trajectory at.thee hodoaoope encl 

tbe x bOdoac:opa, reapeetivel.y, and"l(B8) and l(BX) are the db• 

u.nces of the .hodoacopea from the ~dr09en tarcJet aidplane. 

fte poaition «t the target lllidplane ie aimply1 

X.Udplane • X(BX) + 8incidentl(BX) 

ljllllarJy f~ tlJle;.Yertic-1 coordiaat .. , w bp9 

•acident • IlUI : IflJI 
Tlncident • Y(BI) ... •incidentl(BY) 

ID the •Jl9ctrometer our moat i!aportant counter• were tbe 

two tric;qer counter• STl and &T2, tbrou9h which acattered par

ticl .. II.ad to paaa to be conaidered valid eventa. Additional 

trigger countera, &PS and 8T3, were uaed a• trigger• for 

apecial atudiea. The hole counter &JANS, with four movable 

jawa, provided ai9nala which were used on occasion as a veto 

of the trigger counter aignals in order to define a a111aller 

t.ri~ring acceptance. However, this counter was not uaed in 

our analy~i•. 

~ ,,.,;.)ticsl an9ie·bodoac:iope (VALl ia.':' ono-tb1rd ovor

l•Pred bodoaeope with ten 6. 55 • ele111enta. Thia hodoacope vu 

plac:ecl in the perallol ro91on of the apoctromotor. Jn tbia 

ft9iOD production anglea are tranalated into diaplac.-nt• frClll 

tbe c:eatral axie. Tbis:hodo11COpe, ther9fore, told 11• the ver-

( 
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tical angle coordinate of an event directly. 

ln a~dition to 111eaauring particle trajectoriea, scintil

lation countsra placed around the tar9et were u.aed to ... aura 

the char9e multiplicity of an interaction. •· _.11 ,tri99er 

counter, ITC, vitb a hole in the lllid41e, and placed 1.7 .. ter• 

·down•tr11&11 of the target lllidplane and at o0 with respect to 

the l>eam axia, vaa uaed to ai9n.al t;h• p.-e,en~ of an 1nterac

tioa. but wcnald n.ot fire if the beam pgticle ~nt atraight 

tbrou9b the bole. 

The multiplicity bodoacope i• illuatrated in Figure 8. 

lt vaa made with aix •labs of acintillator arranged in the 

abape of a hexagon. Each alab bad two layers. The inner layer 

vaa segmented into three aaparate counter•. Both discriminated 

and pulae hei9ht information were available for theaa countera. 

'l'he outer layer waa a ain9le piece of acintillator viewed with 

two phototubea. A ai9nal from an inner layer counter required 

the preaence of a ai9nal frOlll the outer layer counter in order 

to l>e valid. Thia reduced our aanaitivity to containination 

froa delta raya. The multiplicity info:i:mation in this region 

l!lllOunted. to eaaontially counting the number of •1alid algnala. 

An~ther el~nt of the multiplic1ty c~unter array was the 

aultiplicity Cerenkov array which waa placed directly in front 

of the ITC counter. Thia was not a acintillation counter, but 

vae a bex&gonal pieff of plastic, aegmented into six countera 

u ahown in Pigue 8. '1'he U10unt of Cerenkov light produced 

( 
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MULTIPLICITY TARGET HOOOSCOPES 

20' LHz 'l'o•ott 

-t==::::,=l=.=0=1a5m5e::::;.==,=:r- -- -
/ Mulllelllcllr 

1:!::=:=::5===~==~ TllUO 

LIO' _J._ IO' __J._ IO' _f'· Mulllpllcilr 
lockup 

MuL TIPLICITY CERENKOV COUNTERS 

j L·11· 

Figure I. 

) ) 
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' in a piece of plastic is proportional to the nUlllber of charg-cd 

particle• traversing it, Pulse height information thu• gav• 

ua the charge multiplicity in this region. Further informa

tion on the multirlici.l.y •r•t- will be. found in •he P~.D •. tbe

•i• "t L. Yotta. 4 
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G. lll&ltiwire PrOJIO!tional Chulber IY•t-

Oar experill9nt had two logically independent 1111ltiwire 

proportional cbamber ayateM. One ayatell waa in th• apectro

•ter and vaa med to •aaure tbe trajectori•• of tJle detected 

particle. The other ayatem waa aituated juat dovnatream of the 

target. Thia ayatem waa uaed to .. aaure the charge multiplicity 

of hadronic interactiona. 

'l'here wre a total of ten Challlbera in the apectrometer 

ay•t-, a• indicated in l'igure 6. Their loOationa with reapect 

to the middle of ~he hydrogen target and their nwaber of wire• 

are liate4 in Table 2. The •a• precediniJ th• n... indicate• 

that thi• chamber made measurement• of horisontal poaition. 

The •y• chamber• made meaaurementa of vertical poaition. They 

are not indicative of the direction in which the wire• are 

atrung. Each chamber had wire• which were apace~ 2 aa apart. 

The pair of wire plan•• Ill and 812, and alao the pair 821 and 

H22, -re located at approximately the .... diatance frOll the 

target but were •hifted .1 DD laterally with reapect to each 

other.· Thi• allowed ua to have two horbontal position mea

YUre111er.t• .with effectively a 1 111111 resolution. 

Wben ~ charged particle passed near a wire in a proportlon

al chamber, a pul•• waa induced on the wire. Thia pulae waa 

reaho1ped ud delayed for approxi11ately 1.3 11aec. If the par

ticle which vent through the ch4mber generated a valid .,,.nt 

tri99er, the faat electronic• aent a atrobe pul•• back to all 

( 

' • 

Table 

trame 

811 

Yl 

812 

Y2 

821 

822 

B3 

Y3 

84 

V4 
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Ill S2!ctrometer Wire ChaJnbera 

tro. of Wire• 
Diatance frollll 

Tarqet Midplane (ft:) 

64 169.73 

32 170.40 

H 171.06 

32 262.44 

H 263.64 

64 264.34 

160 375.04 

H 275.72 

160 05.53 

H 06.40 



-39-

tlla chalnben. Thia atrobe 9ated thepulae• fa the virea into 

the data r99iatera. When the eo11puter be9an an went read-

in cycle the wire chamber interface interro4Jated the chamber• 

for struck wire int~:!llllltio~ and tranaferred i~ to t~• ~Ollp~ter. 

flu"ther ir.Zormation on tii~ ape.::tr01111<ter vi.-e ay1tem ·can a, .. 

found elaevllere.10 

Essentially five rav coordinate• were required -from the 

spectrometer wire information. They were the projection• in 

angle and position of the particle trajectory in the vertical 

plane, ~f and yf_at the focus of the apectr0111eter1 a similar 

pair of projections in the horisontal plane, ef and xf 1 and 

finally the horisontal position, x1 , of the particle before it 

entered the ber:d magnets. 'l'heae raw coordinate• allowed ua to 

determine the coordinates of the particle at the hydrogen tar-

The coordinate x1 could be deteDDined juat fr0111 the wire 

numbers of •truck wirea at Hll and Bl2. Since there were no 

.. gnetic elements in the apace between the chambers H21, R22, 

83 and B4, a particle waa aa1ume4 to follow a straight line 

trajectory, .A straight line leaat aquare• fit gave ua the re

quired projections. Vl vaa located before the bend .. gneta; 

11o.. .. ver, to firat order, the bend .. gneU bad no effect on the 

'Vertical project~ of the trajectory. lo a linear .firat Una 

fit im'OlviD9 all four ftrtie&l cbMllen t•n u tile coodinatea 

•t llDd "i· 
I 
I 
! 
! 
i. 

) ) 
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The aultiplicity wire ayatea ahavn in Figure 5 consisted 

of nine.chambera, each with 288 wirea spaced at 2 1111!. intervals. 

They were grouped into three separate packages of three ehAln-

be .. a, Wbich.wrerotated 60° with r••?ect to each c;>Uaer. Tb9Jr 

con•~~uction, el.ctro~ica ·and operatJ~n w•r• ·aii..4lar t~ t!lct of 

the spectrometer wire chamber-and, in fact, shared sone syste.a 

caaponent•. Theae charnbera, however, had mylar plu9s which 

deadened their reaponae in·the central portion of the c:balber. 

Th••• were uaed to eli•inate 80lllll confusion arising oat of tbe 

multiplicity information. 
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a. G•• Cerenkov Counters and Particle Identification 

One of the strongest point.a of this experillent waa the 

particle identification power provided by our 9aa Cerenkov 

counter ayat... If• were required to identify piona, kaona and 

proton• in tba bad line and alao in the •pectr-ter. For 

thia purpoae in the. J>e11111 line we had on• threshold Cerenkov 

counter, BGAS, two differential Cerenkov counters, BDIF and 

· BDISC, aRcl a differeaUal ·counter 1l8ed in tw tbreabol~ llOde, 

KUlf, In tbe •pectrcmeter, we bad a.diffenllt:la1 couter; 

SDIF, and thr .. ~e•hold cerenkovcountera, SGA&l, SGAS2, and 

SGA83. 

.. 

Cerenkov light ia 91!1itted when the velocity of a charged 

particle exceed• the velocity of light in that 81ediU11. Thia 

condition i• expressed aa• 

v>c/nor8>1· 

The light c•il be detected with photomultipliera, Tha thi'e•hold 

Cerenkov counters used tbia principle. lly varying the preHure 

of the g•• in the counter, and henca th• index of refraction in 

tba gas, we could change the .lllinimUJI! value of II to which -

were aen•itive. The index o! refraction ia related to the 

preas;.are approxillllitC:ly.by. 

n-1 Ill 1CP (PSIJ 

where IC • 2.1 for He gas and IC • 19,2 for N2 gaa. SO a typicel 

strategy at a parti(!Ularenercnwaa·to ••t the threshold aothat 

pion• would be counted, Because tba vel,oeity of the pion• aa-

( 
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tiafie• 11. > llx > Sp' bona and protons would not emit Ceren

llOY ligbt. llota, hovner, 1:1lat electron• and muon• would 

count in thi• counter. 
Tile number of pbotona·incident on the photomultiplier ia 

• • II L a1n2 
8 y 0 c 

where N
0 

is aOile quality factor determined experimentally and 

which includes the efficienay of t1'e optic1, L ia the lengt.h 

of the radiator, and e
0

, the angle of the Cerenkov cone of 

light, i1 given by 

co1 ec • l,-
w. would u1ually operate these counter• just below the thresh

old for the next heavier particle in order to achieve the .. x

:Lawai detection efficiency. Note, holliever, that the index of 

refraction i1 a function of th• wavelength of light, ao that 

the wavelength• to which the photomultiplier i• aenaitive 

played a role in the setting• for the•e counters. 

'l'he differential counter• uaed the principle that the 

Cerenkov light ia emitted in a cone with angle ec about the 

trajectory of the particle. By placing a slit system to pa•• 

light emitted at one angle, the counter can be sensitive to a · 

1ingle particle type. Tht•e type• of counter• offer great.er 

rejection capabilities than do the threahold counters. However, 

they require the uae of a parallel be... Three of theae dif

ferential coun"tera, BDIF, SDIF, and BGASfl, ~lao had phototv.be•. 

which detected the Cerenkov light ~hich did not pa•• through the 

( 
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•lit. In BGAS- we •oa•ed the signal• toc)ether to operate it 

u a thrHbold counter. In BDIF (an4 SDir) - retained the 

two·aeparate ai9nala, call~ RING. and ANTI ai9nala, and uae4 

thaa in'our part:icb ide11Ufication atrat•VY• 

·11etore taJtin9 d&ta, ~·varie~7 of eheck~ were .. 4~ to on

aure that the Cerenkov ayatem waa working properly. The ef

ficiency of the threshold counters waa determined by measur

ing the quality factor or, .,re precisely, N
0 

times some aver

a9e quantWI efficiency of the photomultiplier tube. The dif

ferent counters had movable mirrors to direct the ring of Cer

enkov light throu9h the alit ayatem. These airror settin9a 

bad to be optimized. Furthermore, preaaure acana were taken 

to determine the aettin9a for aaximuza reaponae. 

T2le logic for particle identification waa deai9ned to be 

flexible ao that different atrat99iea could be u•ed without in

currin9 very 11\lCh overhead. For the be- identification, how

ever, it relllained eaaentially uncban9ed. We used th• following 

definitionaa 

• • (BGAS or BGAS- or llGM•BDIFMITI or ~·BDIPAlft'I) 

.vetoed by BDISC or BDIPRING. 

k • (BDISC or BDISC·BDIPAllTI) 

fttoe4 by aGAS or 8GA8' or BDil'RDIG 

p • (BDirQllG) vetoed by IGU or 8GA8' or IDIIC or 

IDIPAllTI • 

) ) 
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'l'he use.of these strict definitions with the croaa vetoing vaa 

an attempt to 9ive the loveat 8110unt of contamination wbile in

currin9 only • ali9ht loaa in efficiency. 

In the apectr011eter, varic~• 11to:atev.l•• wre ewlOJed. Or• 

~traten Wi.l~~ -11.uaed for apec~ro111ehr •n•>:ii•a hltlow 100 

GeV ia liated below. 

• • Any aet of counters along with SGASl or SGASZ•SGASJ. 

k • SGASZ or SGASZ•SDIF.AMTI. 

p • Default. 

Aa will be diacuaaed later, all poaaible COlllbinationa of Cer

.nkov counter firings muat be accounted for in the spectrometer. 
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1. Tran•eort: an4 Decode 

The aet:t:ing• for the -gnet:a in t:he beam line and t:he. 

apect:romet:er were det:ermined by t:b.e uae of a beam opt:ica pro

gram called TRAHSPORT.ll The ba•ic idea of t:he program ia 

t:hat t:he coordinat:ea, angle•, and llOlllent:um of a part:icle aft:er 

it baa t:raversed ail element Of t:he beaJI line (-gnet:iC dipole, 

magnet:ic quadrupole, drift: apace, etc.) are relat:ed by a t:rana-
. ~ . 

fer •t:riz to t:he COordinat:ea, anvl••· and --nt:UJI of t:he par-

t:icle aa it: ent:ered t:he element, aa indicat:ed· in Fivure t. Thi.• 

t:raiiafer -t:rix c9111Plet:ely charact:erisea t:he element:, up t:o 

aecond ord•r in the power aerie• expansion of t:he ma9net:ic 

field a.bout: t:be cent:ral axis. The CU111Ulat:ive effect: of all t:he 

beam elecient:a, therefore, i• ailllply the product: of t:ranafer ma

t:ricea for .very elament: in t:he beu line. BJ apecifyint con

atraint• on t:he optic• (e.g., INlgnificat:ion at: a ~ert:ain point:, 

resolution, diatance between magnet:a, et:c.) one can have t:he 

progr11111 find value• for the magnet:a which give the beat fit:a. 

Tbe aet:tinta for t:be beam line did not: differ from t:hoae 

used .in reference t. However, the apectromet:er aet:t:inga were 

-changed to increase the vertical height accept:anca at:· the hy

clr09en targeo:.. '!heae · param.a~r• ue li•t:ed ir tl\e •.-.pend.ix. 

Tbeae par-tera detormfaed nvt: only· t:he required field · 

value• in t:he magnet:a, but al•o enabled ua to decode t:he coor

dinat:ea of.a part:iele at: the target from ... aure11e11ta of ita 

coordinate• after it 11-4 traveraed several 11agnet:ic element:• • 
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The coordinates required were tf' Yf' ef' Xf' and x1 where 

theee were determined fraa the epectrometer wire chamber infor

.. tion ae de•cribed previously. 

'1'lle re<JUi.re.i coeffici'lnta were deteznincd, to dnt. ·order, 

by inverting th ... matn;: which deacribGd' the tran•port •rOlll ', 

lome initial location to eome final location. ror our decode, 

we required the matrix llllld it• inveree) for the tran•port from 

the target to tlle epectrometer focue, denoted by a1 and Ri1 , 

and the traneport .. trix-fro111 the wire plane Vl to the fooue, 

denoted by R2 and a;2• Our decode then i• given bys 
-1 -1 

xl - lR2 >11xf ~ lR2 >12 9! 
Ip• lRi )16 

~-
-1 

CR1 >uxf + 
-1 (Rl ) 12 ef + 

-1 lR1 >16&p 

8 • -1 -1 
ef 

-1 . 
p lRl >21 xf + (Rl >22 + (Rl )26&p 

-1 -1 
Yp • lRl ) 33 Yf + lRi, ) 34.f 

( -1 -1 • • Rl )43 Yf + <Ki, >u •f p 
Tbe•e coeffienta .. Y be fowid in the appendix. ln Olll' 

analy•i•, all calculations were carried out to eec:ond order. 

However, the bighel: order tenae are -11. 

) ) 
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~. raet Electronic• 

!'be faet electronic• i• deecribed in lllOre detail in the' 

Ph.D. tbe•ie of w. Aitkenheaa5, who had priJllary reepon•ibilit.r 

·for ..,.intaining the eyetem and ~t wi~l o~ly be outlined here. 

There wen ~:;ical>i' two type• of even~1 bea1111 eve11t.i. and 

epectrometer event•. The 109ic equation• used for the e'oent. 

trigger• are ehown in Figure 10. The beam trigger, BT, i• de

fined to be a coincidence between two trigger counter eigr.ale, 

BTl and BT2, with vetoee by two eets of jaw counter •ignale, 

~ and B.JAWS. The•• jaw counter• eneured that a particle 

which went through both tri9ger counters but would llliH t.be 

target would not trigger th• eyetem. Three other logic •icr-· 

nale'which were cCllllbination• of beam Cerenkov counter eignal• 

indicated whether the particle in the beam wa• a pion, kaon, 

or a proton. Theee. latter ei~nal• were mutually excluaiTe. 

Furthermore,.none of the•• ei9nal• would appear if the CGllbin

ation of Cerenkov eignal• indicated an Ambiguoue identific.

tion. Flnally a BTC eignal wae defined to indicate the pre

eence of ahy good particle identification in the beaa. BDwever, 

both the beam pion and be- proton eignale could be counted 

down or supled1 i.e., ve could i9nore 2Mi - 1 pion or proton 

•itDAl• and only let the 2"ith •i9nal appear in the llTC aigaal. 

'ftle.specU'ollllter trigger, ft, WH eimply the coincidence be

tween· eitDAl• koa the tri99er counter• STl an4 ST2. 

A beaa nent (BEY) wae jaet a ...,unv of the beui trtner• 
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113, wu eet. accor41ng to the partic• 

IJ... a::: ular runn1n9 con4ition• whioh w.re encounterecl. Thebe•· - IJ... 0 N 
0 - mZ event• were an unbia•ed •U1plin9 of the beam con4ition•. Th••• m 0 

+ ~ + CD BEY'• were •••ential to our analyd•, · The •pec:trometer event 

+ & z (SEY) -· de~ine4 in two WAY•· One wa• •imply a• a conicide.nce 
u (/) 0 between the beam tri91J9r an4 •pectrometer trigger. (/) s. 

~ 
I- Th• otber 

0 0 en 0 wae to require, in addition, the pruence of - J',l'C •i9nal to 
(!), CD <I: m a: euure good pUticl• Wentifioation. In 11&r~icular 11ie uee4 
0 

_,. 
(!) + Cl. 

_J CD CD this •ohelle when either ben piona or proton• greatly outnumbere4 - + (/) + the beam kaon• and it wa• nece••ary to u•• the countdown faci-0: (/) ·& <I: w 
~ en en C> z 0 lity. By requiring B!'C alon9 with the countdown facility we 

(!) <I: <I: m 0 r4 I 

(!) <I: C> C) - <l i 
could have approximately equal number• of tri9ger• from pionJ~ 

'J a: m m m ~ Jtaon~ and proton-in4uced events. 
I- ... 

+ - a::: m .. 
either a BEV or an SEV~ C4UHd The occurrence of an event, 

t-

I~ 
IJ... + (/) u - ••Veral thin9• to happen. Pir•t a •i9nal, called •fa•t ki11• wa• z 0 

w <I: en m.z ~ generated to freeze the electronic• and en•ure that the inte-
> C> 0 w m m I-

N m grity of the •tore4 information from th.- fir•t event va• not 
N - m ' C\J .., . de•troyed'by the occurrence of a ••cond event. The computer 
I- z I- z I- I-
CD I- I- II 0 (/) C\J (/) (/) wa• then 9iven an interrupt. Simultaneously, a gate •iCJDal 

CD CD ' wae aent to the CAMAc12 module• to latch all tho logic •ignal••. 
II z a.. I- I- a: I-I- II 0 .~ ·1- Ul m o~ co t.Ci."ldllatio~ Cc.Wit.er bit patt•rtlll ati4 Cer~nkov counter !lit 

!ll z z I- (/) 
0 0 II II II pattern• HP'>C:ia-.:4 with this event~ In adtU 1:ion, this. gate 

" 0 <{ 0:: 
~ 

II > > 
I- a.. ~ a.. I- w w •tarte4 the A/O converter• which 9ave u• information on the 

Ill Q) m Ill Ill (/) m (/) pal .. !wight of Yarioua aignale. Al•o th• flux scaler• -r• 

pte4 off. 'lhe .. flwr acaler• accumulate4 all the occurrence• 

''· 
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' of the •ignal• BT, BPIOM, BICAOM, and BPROTOM from event to 

event. Finally, if the event va• an SEY, a algnal vaa aent 

to the multivire proportional chamber• to latch the vire n\1111-

. ber pattern in each chamber and pr.Pare fer c:omputer rea4o\•t. 

The u6.c1 of tbia •fHt uu• •t~od ob\.:.ated thO need to aa>:e 

any dead time corrections. 

) ) 

. -s2~ 

' K. Online Computer Syatem 

The online computer uaed for data tllking VH a PDP 11/45 

operating under a real ti .. executive called SPEx. 13 The com

puter and it.a pJripheral configuration h •howr. in ·Figure 11 • 

·TaGk• ru'llning un~•ll:' SP&X eoulJ ::ither b4' r•.•ident in 11'.ell'OI")' 

or lOllded into memory vhen requeated. Thi• allowed high pri- · 

ority ta•k• to reapond quickly but let many lower priority 

ta•k• 1hare the a.- area of Nmory. 

The co~uter received interrupt aignal• from the event 

trigger logic. The interrupt handler would then initiate a 

4irect memory acceaa (DHA) tran1fer, through the l~ll, of 

the information in the CAMAC crate• into Nme>ry. If the evellt 

vaa an BEV, the CCllllputer would also atart a OMA trana!er, 

through the vire cluur.ber interface, for the vire challlt:.er infor

.. uon. At the cmpletion of the OMA transfers, the computer 

then cleared the event information from the CAMAC crate• and 

releaaed the •fa•t kill•, thereby allowing the electronic• to 

accept another event. When enough event• ha4 been taken to 

fill up a buffer, the computer wrote the block onto nine track 

aa9netic tape. Also, at the beginning and at tho end of a run, 

atatu• an4 •caler information vaa read ~ the Cc.aputer and 

VEitten onto .. gnetic tape. 

In a441t1on to the event logfin9 4ut1H, the campuur pro

d\ace4 biatovr_. o~ inoident be• particle 4htr1blationa, apec

trcllleter ,.rticle 4i•tr1bQt1ona, ·-..cl aaaoaiated·llllltiplicitr 
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' information. Tbe•e histogr8118 could b• displayed on atora9• 

•cope• or on the electro•tatic plotter ae de•ired. Thie infor

.. tion vaa nece••ary to en•ure that th• experimental apparatua 

WH perfomin9 satbfactorily. Filially, approxillet• croH eec

tion• were conputed at the end of each run by the comput:ar. 

Any wild fluct:uation• in the•• croa• aactiona -ld alert ua to 

the.poaaibility of equipment failare or aisadjutmcnt. 

( 
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f'AOM EVENT LOGIC· 

·sEv eEv 

INTUIAUPTS 
STATUS 
SIGNALS 

LOGIC SIQNALS 

SCINTILLATION 
COUNTER 
SIGNALS 

CERENKOV 
COUNTER SIG. 
PULSE HEIGHT 
SIGNALS 

F'LUXES 
SCALER SIGNALS 

ONLINE COllPUTH S'ISHll 

Pi9ure 11 
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L. Data Taltinq 

Prior to the actual takin9 of data, •everal aetup ta•k• 

requirill9 the u .. of ~e beu needed to be completed. Theae 

in.;ludea the tiaing and the ch•cki119 of the officienciea of 

all the cour.ter& ai..i "'ire c'lu!>er• ii' the ayat.er... l'h•n ext:lft• 

aive online atudies were undertaken to en•ure the proper oper

ation of all elements of the ayatem. In addition, the online 

atudie• provided u• with the operatin9 parameter• of the exper

iment, •uch aa the 1110111entwn calibration of the bend 111a9neta 

and the final aettinga of the trim magneta, 

The normal sequence of runs for a 9iven kinematic point 

we• 
llulti21ici ti Siqn of Target Cerenkov AVBAnqle Counter 

20• H2 IN + 
20• empty IN + 

zo• empty 111 

20• Hz 111 

Both aign• of the AVB an9le were uaed to eliainate •-11 off

sets betwee~ the true spectrometer axis an4 tbe be- axia. 

Tbb b illuatrated in Piqure 12. OUr croH aectiona vere 

aYeraqed to9etber vitb equal vei9hti119a for tha t.wo AVB ai9na. 

Tbua, to fir•t o~, tba final croa• HCtl.oaa are iDlependent 

of tbe off .. t, A. 

M4itional data were occaaionallJ taken vitb tbe 10° •a 
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and lo• e11pt;y target• in th• •- .. quence ea that with the 

20• target•. 'l'be•e run• were med to check for any target 

length dependence• in our data. Alao the .... aequence of 

run• vaa repeated with the 11Ultiplicity Cerenkov counter re

moved, but mully only at the amalleat anglo •et.ting. Thia 

.vaa done to check that the extra background, due to .interac

tions in thia C<Nnt.er, vaa being re110ved in the empty target 

a~_tractiona. 

Other •pecial runs ~-ere taken in the ceurse of the experi-

111ent. Thay incll,ldad tran11111iaaion runa, to •••ur• our detec

tion efficiency in the spectrometarr interaction trigger rWlll, 

to obtain char9e multiplicity datar and •atraight through• 

runa, to verify our aettinga ~ the magnet• and the ateerin, 

of .the be ... 
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·III• . AllALYSIS 

A. OVerviev 

The data analylia was 4ivide4 into three phaseJ. In the 

firat phase, a pr09r- called PASS 1 operated on the raw data 

tape• on a run-by-run baaia and wrote a diak data aet contain

i119 yields and fluxea. In the second phase, a proqram called 

PASS 2 uaed thi• d&ta aet to compute the actual crcas sectlona 

for each reaction and wrote thia into another disk data set. 

A prcgraa in the third phaae combined the croaa aections, sub

tracted the background, put in correction factora, and folded 

in ayatematic errors. Thia last program wrote theae final 

croaa aections onto yet another disk data set. The data flow 

la illuatrated in Figure 13. 

The rev data tapes Vere alao used fer atuciea to deter

mine correction factor• for the data and also to detect erron

eous data. Aa an example, every ·run on every raw data tape 

vaa run through the computer in order to punch out selected 

information. Thia allowed ua to calculate approximate cross 

aectlona by using the acaler information. 

The da~a aualys:i.a at •LI.T. was perfo~;;ie.~ ,.;n the Labora

tory for Nuclear Science'• IllM 360/65 computer syatem. Thi• 

ayat:em had two IBM 2314 diaka available for public storage and 

four 11111 2311 diak drive• on which private d·~ak pack• could be 

mount:ed. The yield• and fluxea from aoveral hundred rune were 
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' written by the PASS 1 program onto a· Bingle 2311 disk. Tbe 

PASs·a prO!Jra• reduced thi• inforaation and u•ed only a 8111811 

dataset on the public di•k• to hold the re•ulting -cro•• •ac

tions frClll all the rur.s. Tba la•t rha•e eo111pre••ed ~he d.lta 

ev;,n fwrther and "s::.able tc-write all th;i final~~· •eci.~ona 

into a dataaet with only 100 kilobytes onto a public di•k 

which was readily acce••ible by our fitting proqra~•. 

TbiB thesis will de•cribe the analyd• of Bingle b!°n 

cr0•• section•r i.e., the whole aperture of the •pectrC1111eter 

at a particular kinematic •ettin9 wa• u•ed to detennine one 

cro•• •ection for a given reaction type. Information utilizing 

the a••ociated 11111ltiplicity inforin.tion will be the •ubject of 

a separate analy•i•. 

'Ille next •ection• de•cribe each of the thr- part• of the 

analysis progr-. The la•t section de•cribeB the correction 

factou and their est1-ted error•. 
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!Ile Pa•• 1 progr11111 perforw111d an event by event.analyaia 

for each specified run. The raw data tape• were read in and 

each event bad ita bit pattern• decoded. PrOll these bit pat

terns, both the incident and production coordinates were cal

culated, if poaaible, for an SEY. In addition, the incident 

particle·type and detected particle type were determined by a 

look-up pro~e la ! table specified a in~ for thi• run. 

Thi• allowed .the u .. of different Cerenkov counter atrate9iea 

on a run by run J:!aaia. Finally, if the particle.typeawere ac

ceptable and the coordinates were within the acceptance cu.ta, 

the event waa entered into the yi•ld planes. Thu.a PASS l waa 

the only event selection mechanism for the rest of the·analyaia. 

Por a beaa event, only the incident particle typea and 

coordinates were -calculated. The 1110111enta of thes.e beam coor

dinate• and the atatiatica for each particle type were written 

out to the disk for PASS 2 processing. 

For either type of event, the fluxes associated with the 

event were accun:ulated. These accumulated fluxes along with 

the •end of run• scalers were also written onto disk. 

The SEV's used in our analysis wer• ~inned in ~roduction 

coordinates1 i.e., production 6, production •• and production 

e. For this reaaon we did not need a decodable incident track. 

We required only that a particle have a non ... mbigu.Oua 90lll9ntua 

hodoscope pattern1 ·that ia, having at:. least one and at -t t.wo 

( 
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adjacent alementa firin9. The beaa particle identification 

criteria were fairly tight, however. By thia we mean that 

we only accepted.Cerenkov patterns which we were fairly con

fident represented the deaired particle type and rejected all 

other pattern• which could have been made by t~i:> or 1110re par

ticle type1. Tb.la gave u1 an unbiased selection aia loq aa 

the fluxe1 used in the croaa section• corresponded to these 

1aile criteria. 

The event• in the spectrometer were more complicated. 

Here we had t:o account for every particle produced that enter

ed our acceptance. Pir1t we required good tracking in the 

spectrometer. This tracking was done by the spectrometer wire . . 

challlbera. A 9ood challlber waa one which had at 1D01t three ad

jacent wire• and a ainimum of one wire which fired.. The ver• 

tical tracking algorithlll allowed the loss of any two chambers 

except the aiaultaneoua loss of ·the fir~t two chambers in or

der to at~ll give a good vertical track. In the horizontal 

plane, there were two Hl chambers and two H2 chamber•. At 

least· one of each was required in addition to either Hl or li4 

to 9!.ve a h<-'ri.:l.:intal track; The ata:..iatica O'l the Pwnber of 

trackinci failures were written onto thet disk ana ,..ere used for 

an upward correction of the croaa section• as.described later. 

~ particle. identification critoria woro dotcrainod by 

studies on the Cerenkov patterns which were -the 111DBt likely to 

ooeur for t:be various piU:~iclo types. All poaaible Cerenkov 
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pattern• had to be identified. By a fittin9 procedure.deacribe4 

later, we attempted to correct any poaaihle aieidentification 

uein9 these criteria. 

l'indl:r, eventa were ke~t on!:r if the decodecl cuoKim.tes 

were 'With!."'I "IU.' •cceptance. the accei:>tanC4 - u .. ~ for •p wae . 

-1.8 lllZ' < •p < 1.8 Ill: 

'ftle acceptance plotted in the ap - BP plane deacribed a paral

le109ram. It had intercept• at value• of 

•coupled • + 1 3 p - • lllZ' 

4coupled • t 3•25 111: 
p 

with aide• who•• alo(ootl• were 

~ • •0.015 mr/• 
p 

u C • +5.5 \/mr. 
p 

~e total acceptance we used wa• 25 aicroaterac!ian percent. 

'ftleae acceptances were determined by TRANSPORT prediction•. 

ID addition atudie• were done to eatimate the effect of 

a.eared reaolution• on these acceptance•. 

!be fiaal fraction of event• which aurvived all the aboft 

criteria waa ~t 30 to 35•. 'Iha ler9e•t lo•.• occurred .in 

tbe acc:eptuce teat vbicb ellainated 50 to 55' of the nente. 

Ia addition to calculatlDIJ yielda ..S ~lati119 flux 

i. 

) 
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' on atati•tica, PASS 1 had a number of run diagnoatic feat~•· 

IU.•toP'_. of coordinate•, hodoacope• and wire chambers collld 

be printed out. Varioua be- optic• check• could be made Oii 

th& data. Al.lo efflclencle• of all the ~odoa.;:ope el,u.nu. 

wJ~- cb&llber• and Cere;ak~ ~untere were calcul•t•d •~d ~1~

plaJed. Por thia reaaon PASS 1 was uaed on •elected runs to 

etudy and eatabli•h correction factor• for the reat of the 6ata. 
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c. !!!!....! 
The progr.. PASS 2 vae uaed to take the data from tbe dillk 

file produced by PASS 1 and produce lingle bin invariant croaa 

.. ctiona and errors for all the reaction type• in a 9iven run. 

The crosa section can be written aa 

t3 .i,-.cX 
E, o a _ Y1n1> Ee J 
~ dp,d.n - F Lii)( p: _A __ .n._11p-,-=N:,.......rt.-.-,-.,t-l....,-.rt--li-A C.•HICTIClfl rlehllf 

where P, 1, and A are the target·denaity, length and atomic 

nw:ber, respectively, and N
0 

ia Avogadro'• number. 606pc ia 

the acceptance of our spectrometer. 

!he yield• put out by PASS 1 were not single .bin yields, 

but were binned in finer unit•· Since we wanted single bin 

croaa aectiona PN>S 2 had to sum over the finer bina. However, 

to be more accurate, PASS 2 corrected each of the.bin• accord

ing to ita expected variation over the acceptance. 

The flux uaed vaa normally the accwnulated flux, for that 

incident particle type, from all events. It was nEceaaary in 

some caaea to override thia choice and use either the scaler 

informatio~ from the •end of run• acalera or a percentage of 

the BT flux detorminoa by the fraction of the BEV'• vt.ich 

were identified aa the desired particle type. In anyca80, 

it vaa necessary to determine the fraction of the flux which · 

could have produced an event in the yield planes. Recall, 

that to make an unbiased cut on the SEY'• we auat restrict the 

.. 
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' flux to the aame incident oriteria that ve placed on t:be SBV'•· 

'fo do thi• we uaed the BBV event• which should have repreaented 

an unbiased sample of event:a. We found the fraction of BCV'• 

which paaaed the identical hodoacope and particle identification 

requirelllenta and multiplied the PASS 1 flux number by thia frac

tion. Thia waa the nUllber which had to be uaed for the flux 

in the croaa Dection. 

A number of correction f actora were api-lied at thia point. 

Some of theae are.called r~aolution corrections. One of these 

came frOlll the angle offset. If there waa llda-ateering of the 

bea111, the average angle of the incident beam would not be zero. 

Since the croaa sections fall rapidly with increasing angle, it 

waa neceaaary to correct for thia offset by uaing the mo-n.ta 

of the bemn distribution• determined froa the BBV'•· A aecond 

correction aroae from the straight line approximation for the 

variation of the croaa section acroaa the bin. Thia correction 

i• propor~ional to the second derivative of the croaa section 

with respect to the acattering angle. 

Another correction waa needed because not all of the inci

dent beBm pha8'3. apace could Scatter wit~ equal probability intO 

the accoptance of the apectromoter. .PASS 2 took the incident 

· beam distribution• and calculated an average acceptance func

tion for a given .. t of aoceptance cuta. Thia actod aa an Gf

~ectiv. correction. to the flux. 

Additional· corrections applied ¥ere for transmission and 

( 
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' decay of particle• in the spectrometer. Alao the t.rackinv lo•• 

fraction, deacribcd in the PASS 1 aection, vaa uaed in PASS 2. 

These are described in more detail in section E. 

PASS 2 then wrote the sin9le bir. cro•• acction• and their 

errors o~t or th~ dtak. Tbey wer~. however, ~ut out in a form 

in which the corrected yield• and corrected fluxea (wei9hta) 

were recoverable for the purpoae of COllbinin9 run•. 

) ) 
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D. Run COmbination 

'l'hi• laat pha•e ••arched the disk file produced by PASs·2 

for all run• at a 9iven kinematic point. A di•tinction vaa 

lliade between th• two AVB an9le• which occurr.od at: that point. 

For a 9iven AVB angle and fo1 et.ch rcactiol\ and target typo, 

the corrected yield• and flux•• were recovered and aw:imed over 

all runs of the •ame type. 'l'he back9round wa• then aubtractcd 

to 9ive tbe cro•• aection. 

E d'v•~•c~ Ee 
~-(+)= -
f'c.a cl pc ~n - pea 

[ r '/lrL'JftlLL (°! ) 

! fLU)C;Ul.L ( !) 

(. 2 a )Ya 
s: ~f'ULL + /:l.. SHPTY . 

where the Af ull and Aempty are the total error• comin9 frc111 

all runa' in the aum of full or empty tar9ets, reapectively. 

The cro•• aection• are then avera9ed, with equal wei9htin9 for 

the poaitive AVD an9le and the ne9ative AVB an9l:e. 

In addition, a number of correction• were applied to theae 

data at this point. Theae will be deacribed 1n the ne1et aec

tion and include multiple ecatterin9-acceptaac:e correction•, 

tbe f&rtiole lliaidentif ication cornctiou, the double acat

t:eriD9 cornction• and the .radiativ• eorrectiou. Tlie croa• 
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' HCtion•·vue written onto the diu an4 .. n r...sy for plottint 

or fitting. 

( 
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·•• Correc:tions and Erron 

Thi• •ection i• a •\mllUY of tile variou• correctioDs •P-· 

plied, the llHD• by which they were determined, and their e•ti

Nted error•. 

l. 'l'ransaiHion, Decay, and Abaorption 

Events which fell within our acceptance but did not trigser 

tbe lllY•tea were .the reault of •ev.eral .effects. lU inefficiency 

in .the td99.41r c;oqnter•t (ii) U.oqition in the 11111te.rial of ~ 

apectroaeter1 (iii) decay• which depleted particla• ·fl'Oll the 

•pectrometer acceptanco. TheH effects .were •t~ied by •P.cial 

••traight through• run• at 20, 30, 50, l®, and l.75 GeV. 

The transmi••ion for a particle type a i• defined a• 

t
0 

• BT•Bo•STl•ST2/BT•Ba 

The transmi••ion nwaber• were taken with both full target• and 

... pty target• and with the multiplicity Cerenkov both in the 

acceptance and out of it. Thi• gave u• ab•orption nUlllber• for 

the target• and the multiplicity counter. Interpolation• were 

made for other energies, The .increaae in transmission with 

energy wa• attributed to the decr•ase in the total cros• •ec

tion, a decrease in the amount of gas used in the •pectromcter. 

Ceren,..0·1 cO\lnters and ca •.n ... rcase in th'I nW!lber of secon~ar!e• 

frCllll·interaction• which could still trigiier tne •t•tem due to 

the increased ahrinkago of their production angles, 

Por pion• and kaon•, there wa• alao the poHibility of 

lo•• by decay. It was difficult to separate the differeot 
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effuot9. I'll• aHU11ption ..,.. ude that the abaoz:ptioa 1098 

acaled H the ratio of the croH Hction1. The tranaa18Si-

1a given by 

t 1 .• (l-ab1orption) x (1-decay 1011) 
II 

A model va1 devi1ed by w. Aitkenhead which predicted th& l~s 

fro111 decays. Note that ju1t a1 a secondary fror.i an intera~tion 

with the material in the 1pectro11ater could cause a tri~. 

a secondary from a decay proce11 could also stay in the ~P

Unce. Thi• lllOdel predicted the probability of a dec:ar "21idl 

cau1ed no tri99er1. Further detail• on this model and U.:. 

tran1miaaion atudiee will be found in the thesis of w. Ait:k

head.:S 

'l'be final total tranamieaion nwnbera are plotted in Ficiu.rw 

14. rile eeti111ated error• on the tranenli11ion corrections ar. 

.03t,·o.3t, and l• for piona, proton• and kaona reapecti'lfelJ. 

Tiie error• on the absorption correctione·are about o.st. !be 

Oecay correction• are accurate to 0.1' for pion• anc! lt for 

kaona. 

2, Particle Misidentification 

BYery apectrometer Cerenkov bit pattern in PASS 1 h.t to 

have a particle type aaaociated with it. Thi• in~uce« ac.e 

ermr for the ubiguoaa definition•. By th'i• we -an adefiai

t:J.oa.ila wbich .Ore than one particle type·could 9ive riee·to 

tbat c:er.DkoY pattern. ror exaipla, the pattern where - car-
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' enkov coun~ fired could be ihe re1ult of inefficiencie• in 

one or more of the counter• and hence piona, kaona, and pro

tons could give thia pattern. 

To calculate the correction to the particle identificatlcme, 

a program wu deviHd by R. Verdier of M.I .• T. to fit the ef

ficiencies of the Cerenkov counter• and branching ratio• for. 

a run. For each of the five 1pec:tro111eter Cerenkov eignale, 

SGASl, SGAS2, 'SGAS3 1 SDIFR and SDIFA, we defined the efficicn

cie1 for pioa, kaon, and proton detection, •··9· e1 ... elk' elp' 

etc. Thie gave u• fifteen variable•. In addition, we defined 

the branching ratios Bab to be the fraction of be .. riente of 

type a which went into spectrometer type b. Thi• gave nine 

variablee, bot we had the constraint• that 

z •u • 1 
b 

Wbich reduced the number of variable• to 1ix, We·were left 

with 21 independent variable1. We also had, for a given be .. 

particle' type, 32 nllll\ber•·which were the number of ti.,.• each 

of the 32 • 25 po1sible Cerenkov patterns occurred in a given 

run. There were three beam particle types, so we were really 

trying to fit 21 variablee to 96 numbere. 

T?ie ·initial a••WAption wa•·that t.he dgnal• were uncor

related. Tbie Nant the Cerenkov pattern.for a beaa pion of 

SGASl • 1mJ • SGAS3 • DIR • lim'X• 
would bave had a probability to occur given bf 
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a." euc (I - e.ait) e,IC (I- e.k)(1- e Ate) .... 

s.,e1p (I - ea,> e,, (\ - eap)( 1-e11 p) 

The program then ••arched for the minimwn x2 and provided osti

.. te• for the error• of the parlllll8tere. The aseigmnent of Cer

enkov pattern• to particle type• gave us the lllilidentification 

number• Mab' which were the fraction of the event• where parti-. 

cle type b WH aaeigned to particle type a. Since every parti

cle received eome a••ignment, we had 

E Mab • 1 
b 

There were eome phyeical proceese• which could not be fit

ted by the eimple model. A proce•• such a• k'• decaying into 

pion• would give fal•e efficienci••· However, by introducing 

an extra varillhle in the fit, which was related to the probabi

lity of thie decay, good re•ult• could be obtainel!. T11e f.l.te 

~ould then give- slightly wrong efficicncie•, but it was only 

the :et of nu:nter• Mab which "•• releva;,t, Tht:•e corractione 

were generally ie•• thar. 2t but they occasionally ~ere ~• large ..... 
Although t;Jli• procedure could be used on every run, it vae 

too tllle conewldng. Therefore only a feV set:. of·run•, repre-

.•enting all.Cerenkov etrategiee ~hich were actually employed, 
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' were fit and interpolated valu .. -re U8ed to correct the croH 

section•. The error in the cro•• •ection• •••ociated vith thi• 

procedure i8 ••ti.mated at about 0.6t. 

Since the beam particle identification v.• ba•ed on very 

•trinqent requirel'1l!nti1, 110 correction wa• made. t'e 11•ti11ate 

the error in the cross •ections to be l••• than O.lt. 

3. Multiple Scattering and Acceptance 

A particle originally within our acceptance could •catter 

out of it by multiple •cattering and be lo•t. A particle could 

•imilarly •catte~ into our acceptance even if it va• originally 

outside of the acceptance. However, •ince our acceptance vaa 

limited by •teel aperture•, thi• va• unlikely. Thi• net lo•• 

of yield had to be corrected. Thi• effect vaa not taken into 

account by the tran•mi••ion studies •ince only the central por

tion of the •pectrometer was u•ed in tho•• •tudie~. 
A •illlilar effect occurred vhen our acceptance cut• in

cluded part of an aperture •top. Again there would be a lo•• 

of .particle• vbich had to be counted in the yield. 

A •eries of •tudie• vere undertaken to estimate the•• ef

fect•. Th~ •tudy consisted of taking ever smaller definitions 

of our acceptance in all three variable•, ep, +p• IP. A typical 

plot i• •hovn in Figure 15. 'l'he hope va• thet for a ... 11 

eno119h accept~, the cro•• •action voul4 be r..cwed of theH 

eUecta an4 •taY conatant. t'he•• •tudi•• wen run at 20, JO, 

so, and 100 GeY. At the bi!Jh enern end, w expected only the 

) 
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..-rtun •top effect to occur. We •aw that we might have made 

a 1/2' error by uing our normal acceptance.· At lower energies 

tlle effect waa not ao clearly observed. However, we ••timatecl 

tlle ~tiple •cattering lo••••· to th• croaa aection to be 

11 ! 41 at 20 GeV, 5 t 1.51 at 30 GeV, 1 t 0.51 at 50 GeV, 

an4 0.5 t 0.5\ at higher energies. 

4. Particle Tracking LO•• 

M mntioned -.evioualy, the percentage pf traclt• in the 

~t..-eter which could not be decoded vu recorded for every 

nn. However, thh number could not be uaed directly to cor

~t tbe cro .. aection• becauae •oae of the event• which .fell 

outside of our acceptance would allO fail to track, In fact 

... expected a higher percentage of th••• event• to be reflected 

in our total nwnber of track failure•. 

Jy using •traight through rune, which we knew gave events 

in our good acceptance, it wa• determined that the actual per

centage of track failure• diie to· electr.onic cauaea (i.e., noiae 

or inefficiency of the wires) wa• rather conatant at about 21. 

In addition the number of ambiguous track• (track• of four or 

-.:>re adjacent •truck wire• or two or more non-adjacent •truck 

vi.reel i~r.i•a~ed fro~ near aero at 20 GeV ~o ~bout l\ at 175 

~v. Thia wa• attribvtod·t~ th• inerea•ed multiplicity· in in

teraction• of the particle with Nterial in the ·apectrometer 

and to increased productioir of delta raya. Tlleae number• :-r•· 

ued ;aa OU' tracking correction•. The error in the croaa aec-

( ( 

-78-

tion fraa thia deteniination wu about 0.51 at.20 GeV, increa•"'." 

ing to 0.751 at 175 GeV. 

The. tracking loH nUllbeJ:a recorded by PASS l ·. -re . not used 

except for the runs where we.had a caaplete chamber.failure. 

I'll••• run• would have a larger n\llllber of tracking loHe•_• For 

theae run•, the increase• in the recorded tracking lo•• number• 

over the global average were u•ed to boo•t the co.,rrection fac

tor• d88cribed above. 

5. Double scattering 

A particle which va• produced in an interaction at the tar

get could interact again, producing· more particle• and increas

ing the apparent cro•• .section. A procedure wa• devised to ap

prox°imately correct for thh effect. 'l'hh method h an exten

sion of the one u•ed by Butler a• originally •ugge•ted by L. llO

•eMon. 9 

we take the probability for a •ingle •cattering of particle 

typa a, in a region. da in a hydrogen ta~get, which produce• a 

particle .c in the •olid angle dO with momentwa Pc to be 

'P ac("." r )Jndp dz.•N.ollt cPCT (fJ,,i/',.fc)dzdflJp,: 
I v11Tu c c I a •;1.d 

. . . ~~ ~ . 

The probability of a double acatter occurring which produces a 

particle c in the solid angle dn
8 

with 91C1111ent\llll p
8 

i• the inte

gral of the probability for a ai119le acatt~i09, time• the pro

bability of 8Ur'(ivi11.9 to the Unt.acattering location, time• 

I 
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the probabilitr for a alngle acatterlng, tiaea the probabllitr 

of aurviving from the firat location to the aecond and frOll 

the aecond to the and of the target. Thia llUSt be •.-ad over 

all poaaible intermediate particleaa 

p:c(9s,;s,p,) =I. H~-w.i, f."'"c;,,~.,p.) J~r.ae-W.(ta.-t•)x 
b o I, 

"P,"c <e.-e,, ,SS - f 11 rs -p,) t.- "'· (f- 1 .. l di ,d P• J B, cl¢, 

'l'be a integration• are independent of the other• and produce a 
t 2e-wot • term 2 vl\ere v0 H0pLH atotal" For the caao a • c 

2 

ve will aaaume onlr the terma a • b • c contribute •ignificantlr. 

For the caae a ~ c ve will only keep the t~ a+a+c and a+c+c. 

Writing thia out ve get for the caae a • c1 

where dn
8
dp i• the acceptance of the apectrometer. Each of the 

• 3 
cross aection teJ:lllS ~P au•t contain a function terms which 

correapond to the elaatic acattering contribution. Thu• ve 

ha'¥'e tbree lntegral•s <U a tera correapondlng to double lnel

utlc acatterlng; (2) a teni correapondiq to an elaatic acatter 

followd bJ' lnelutlc acatterln9, Uld (JI a ten corraapondin9 

to an inelaatic mc:atteriav foll.CN911 bf' an elaatic ecatter. 

) ) 
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+ 

wbere the croaa aectlona were multiplied by the corrtcti~ te~ 

•1 

The procedure, then, vaa to flt our croaa aectlonF t:o a 

general forn1 vJU.ch vaa then integrated via a Monte-Carlo ~ 

tine aaing the importance aampllng technique. Thia tec'hlli'99 

give• better accuracr for integral• of function• vlth a Ga,,.._ 

aian behavior. It can ·be written a• 

f ~ x·1;h 
f(x)d1' % er~!- f(o-x;)e' 

I• I 

2 
Where xi are diatrlbuted aa .-x 12 and a ia the: approxt.atJ.oa 

to tlle width of the function P. 

ror the inelaatic-inelaatlc term the integral• had to 

correotly account for the diffractive bohavlor of la.cliDg ,..r

tlola r .. ctlona. ror thla naaon we noraallaed oar llip --
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' ... t\lll bUavior of the fita to integral• of diffractive acat-

terinv croaa section• publlahed by Afr•• et a1.14 
.. --

!'bl• whole procedure waa very coatly in te:r:ma of computer 

tS... Purthermore, lnt99rable flta w.re not alwaya obtainable. 

•"e tlaerefore eo111puted correction• for only 15 of the 36 poaaible 

~ction types. Bach of the remaining reaction types had a klne

•tic bahavlor alailar to one of then 1'. 8calin9 by the 

ntl•. of the cn>9• acdona then allowed· us \0 obtain the- re

llainin9 corrections. 

'l'hen corre~tiona averaged around 1-2' with a few kin-

tie points having a correction as large aa 5·6•. Por these 

*•t cases the error vu e•tillllted to be leaa t:han 1.75•. 

6. Radiative Corrections 

Ollr raw cross section• included the effect• of photon ra

diation duri.ncJ the scattering process. Correctl~na for single 

pl\otcn internal 11r ... atrahlung have baen lllllde to our data ualng 

a .. thod baaed on the equivalent radiator approach, due to 

j.I. Priedman.15 8igher order ter111B were included in an approx-

1-te way. 

The r~diatlve correction formula can be •~i11ed by1 

J.1..,. ( E EI 8) c c ~ - I - I . - . -I ~cl . I " ' I" 1'1 
Ji). J( 1 •, 

1 
TIVI ·d.fl. c:f£ 1 

HCASUlll:P 
1 

I .2. ;a J 
w.r. a J.a the energy of the inCOlling particle in the lab, B • 

0 . 

la ti.. en•r.JY of the detected particle c and e is the angle at 

(. ) 
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' tlbioh c la detectad • 

There were only two oaa .. which were·conaldered·to be 

illportant. 'l'beae are Ulutrated ·in Fl9ure U. Can A la 

where the inCOllling particle emitted a photon of ene~gy .ft>tc 

and then acattered frcai b with an incident energy of only 

8
0 

.,. .fikc. Caae 8 la where the detected particle c, which 

waa created with energy a•, -itted a photon of energy Ntc 

.encl was then dettcted wit:h an efter!JJ B' - &c. The em.inion 

of ·the photon ia aaSUIDl!d not to chan99 the direction of the 

particle, and, hence, all calculations were perfonr.ed at the

acattering angle e. In either caae, the asaUl!led value of 

• x • ~ ia smaller than the actual value. 
.A 

~ and I~, then, repreaent the contribution from the 

e1aatic scattering process for the two cases. Thi.• contribution 

ia non-aero only fOT the caae a • c. I~ and 1; are the aum of 

the contribution• from inelastic acatte~in9 at ener9iea from 

8 1 to a
0 

for tht two cases. These four terms represent pro

ceaaea which occurred at higher value• of x but were detected 

in our acceptance. Hence they should be reir.oved from our mea

sured. c..:oas ae:::ti::na. Howev•r, a fracl.;.on of ~er cro•• aP.Ct!on 

at thia volua of x could have also radiat•d out of our accep

tance and the term C corrects for this depletion. 

Tho exact formulas used are listed in the appendix. llOW-
. . A 8 

ever, it abould be noticed that the int99rab in the I 2 and I 2 

tariu involve k"°"led99 of ~TRUE• Thia, then, ia - inte-
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gral equation. The lntegrala -re solved by iteration. The 

first iteration uaed the flt• d•tennlned for the double acat• 

terin9 correc:tlona. The elaatlo croaa aectiona were taken from 

flu ln Ayr.ea !'i ~· U DecauH the c;:orrectiona aver~9ed only 

&bo~t·2• with a 111AJClmu~ of ''• a aecond ltoratlon ~a• not por

fol'llle4. 

A• inentioned prevloualy only 15 out of the 36 posaible re

action• were paraiaeterlzed by an integral flt function. The 

other reaction• were almilar enough ln their kinematic depen• 

dencea·to one of th••• 15, that they could be auitably &Jlproxi

.. ted. aow.ver, to reduce our ••n•ltivlty to th• error intro

duced by the flt, we ••t the correction to the ratio! 

d~ I [ d~ I ~ r;J 'If c JC = sr - I -
dA I( E' TRur cUl cl E ' ""'s11uo 

1 

[ I -
" e I" -• ] r I .. I I + a ~ l.:i. 

~~~£' (Eo ,E ~ e)t F1T 

[ I- I~~ I~ ] 1~"~E' (E.,E ',B) I FIT . 

'l'hl• reduced to tbe first equation when aJ~. 1 .. i'I' . 

• ...AJ . tie ••ti.Mt• the error ln thh proc9dure to 
Ga' I MIASUIBP ' 

be a Nxt•• of 1.25' in tile oroH •ect:ion. 
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' 1. other Sy1t ... uc Uncert:aintie1 

In addition to the correction• discu11ed a nuilber of other 

1ource1 of error vare po11ible. The beam occa1ionally delivered 

more than one particle with a 1 to 2 nano1econd tiDe difference. 

The tri-gger counter• were not able to re110lve the 1econ<l and 

succeeding particles. Tbua, we -ld undereatimate the flux. 

However, asauming the momenta of the1e particle• were uncor

related, the event would likely be rejected.becaUle of an 11111-

·~ biguo.us ttack in the iaomentum hodoacope. Furt.bt:rmore, the 

tight beam particle identification requirement• would reject 

the two particle• if they were of different typea. Por an 

eatimated worat caae of n double• rate in the beam, the worat 

contmnination of the croa1 1ections would be 1.2\ for pion• at 

negative be ... energiea (where pion• compri1ed 92\ of the beam). 

The contamination would be .-Uer, by the fraction of the beam 

population, for other particle type1. 

., 

Electron• and ~uon• were preaent in the beam and would 

give a pion •ignal in the Cerenkov counter•. Since they do not 

interact 1trongly, they would cauae an overesti-te of the flux. 

Estimate• of the contmnination of the pion-induced cro11 sections 

fro~ on~ine studies, were o~ th~ order ?f 0.5\. One. ahoald note 

t.hat llov lepton1 would b4I awept out of the bum by tbe AVB 

magnet• before making a trigger. 

Various electronic inefficiencie1 an4 other amall effect• 

were estimated to add o.s• to the 1y1t:ematio uncertainty. Table 

( 
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Ill li1t1 the errors .... their ·90UZ'ce1 for a given point. 

There -• in addition ..- overall nornialisation uncertainty. 

The value• u1ed for the 110lid angle and lllOlllelltlJlll acceptance 

were tho•• predicted by the program TJIAJ•SPORT. Th• valuea 

of the coefficient• which de1cribed the tran1port of particle• 

fZOlll the~hydrogen target to the parallel region in the spectro

.. ter were checked online. The .. a1ured value• differred fro• 

the prediction• by 6.3•. The coefficient• which deter111ined the 
·< 

acceptance included not only the1e meal'IU'ed value1, but also the 

value• which de1cribed the tran1port of particle• from the para

llel region to the 1pectroaeter focua. 1le -re unable to check 

the1e value•. Tbeae acceptance nWllbera deter1!1ined the no~aii

sati0n of the cro11 1ection1. We have, therefore, conservative

ly aaaigned a DOr!Dlllisation uncert:ainty, for the cro11 aectiona, 

of,7,. 
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Table III& szatematic Uncertaintie• 
Elror on 

Cro•• Sec~ion 
1. Tran11111isaion 'I 0.3 

k 1.0 
p 0.3 

2. Abaorption 0.5 
3. Decay • 0.1 

k 1.0 ... Particle Identification 
Spectrometer .0.6 
Bear.1 0.1 

5. Multiple Scatterin9-
Function of Spectrometer Momentum 4.0 - o.s 

'· Tracking LoH-

Function of Spectrometer Momentum 0.5 - 0.75 
7. Double Scatterin9 1.8 

•• Radiative Correction•- 1.3 
t. Electron and Muon Contamination 0~5 

10. Double Bucket•-
Function of a.- Enerw • .3 - 1.2 

k .1 - .s 
p .1 - .t 

11. Miacell1111eoua Source• 0.5 
• 12. Nor1111liaation - Acceptance 7.0 

i•l 

) 
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IV. -RESULTS AND INTERPJIETATION 

A. Final Cro•• Section 

Oar final croaa ••ction• w~re available on the diak .

be-th PT •wee~• ~r a• x ~ Pc(PA aweupa. We h•vc plotted t,. 
data in both variables a• di•cus•ed below. Because of ~ 

enonnou• quantity of data, only a aub•et of our data ~ill ~ 

presented. However all our data will be published in • t-ct·~e 

journal article. 

A number of check• were applied to our data to chect. !~r 

internal con•i•tency. Fir•t, data with the lo• hydr09en ~-

9et were C0111Pared to those with the 20• h1·dr09en tar9et. tM 

a9re6ment wa• within statistical errora. This aaaured u 

that there were no target length effect• pre•ent. Only tt:ie-

20• data will be con•idered further. Next, run• which t~ 

with the multiplicity Cerenkov counter removed, were ccmpa..-.d 

with tho•• in which it wa• preaent. Th•re wa• a danger ~t 

the dwmay· tar9et subtraction would not fully remove tlle ~ .. 

ev.nta originating in the counter. The a9reement wa• .,._.~ally 

within our error•. 

A number of data point• in our proton croa• aecticaa ...-e 

tben compared with the data of Johnson,!.!:. !!,. 1 , and.our 

p t p + •+ + I data were compared to th• data of capilolfPl. 
. 2 

!l ~·. Oar data &9r" with these ruultS wit:bin tlMI n 
DOEllAliaat:ion ancertainti••· 
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1. PT Depoftlknce 

A •ub•et of our cro•• •ection• havw tie.n plotted in 

l'igure 17 a• a function of the traneverae llOlllent-, pT' for 

x • p!•tp!ab • 0 .• 3 and 0.6. Additional plot• may be found 

in the appendix of tbie tbeeie. The cro•• •ectione are gen

erally fit well with an exponential pT dependence at x • 0.1 

and with a Gaueeian ~~1:111 at x • 0.3. The•• functions were 

uM4 to int419Hte the._ cro•s •ectione a• deecribed la11er. 

The cro••over from a cauaeian behavior to an exponential 

occura·at an x value which ••ems to depend on the pari'.icular 

reaction. However, there are ve:ry few x value• with exten•ive 

PT coverage, which inake• these croHover point• difficult to 

determine accurately. 

2. x Dependence 

A eubset of our cros• eection• ha• been plotted in Figure 

18, ee a function of the radial •calin9 variable, Ka• for fixed 

value• of PT• Thi• ecalillCJ variable i• defined a• 
EcM 

x • ...£... 
R 1;CM 

MAX 

and has tli!en ·~ by Ta:; lor, et !! . 11 to produce acalin:i over 

a wider ran9e of ener9ie• thwn the ueual Feyn11111n .xi''. 
cM · cH 
~ 2Pcl 

x_ •CM :t ;;~ 
--.- PMl\X y • 

Scaling b dbc:uesed in Hction B. over our kinematic ran9e 

tbe value• of x • p!•btp!ab, Xp and xR are all approxiaatoly 

' 

rt.pn 11. 

-•o-

Thia fi9ure contain• plot• of invariant differential 
croaa eection• a• a function of ~ for value• of 
-o.J ud 0.1. The aymbol• cluote 

• maavc&ged croa• H~iana (det:a taken at 
only one eiva of tbe AVB an9la) 

o av.raved cro•• •ection• (data taken at 
botb aivn• of tbe AVB u9le) 

n. uit• an 9J:l!Gev2. 
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equal. MdiUonal plou. of tb• .. clapandencea will be ~ · 

In th• eppen41x • 

· TM .. behavior remain• •H•nUally uncban994 over t:he 

p7 rant• In wbich w have data. Tbia 1a 41acuaaact further In 

a later .. ction. Th• axceptiona are ca••• in wbich we ... 

re80ftanca proc!uction, aa in tba reaction• •+ + p • .- + x. 
Bare the PT 4apan4enea of tba ra•onanc• fall• faater thu t"• 
fl'&pentaUoa part of the croH Mction. An enalyaia of tbl• 

particular reaonance beti.vior i• found in CUtta, !1!!·17 
3. • Depen4ance of CroH Section• Integrated o.er p., 
SOM of tbe model• w teated -4• prediction• for croaa 

aec:tiona integrated over PT• To obtain these cross sections· 

w fltted tbe pT depea4anc:e of our data to both an exponential 

an4 a GauHian fod in PT• The form we actually int99rated 

waa choaen generally on the ba•i• of th• ainimum x2 per degr .. 

of freactoa. The integral• were performed analytically. 

Th••• integrated fo:raa have x 4apendanc:•• •imilar to tbe 

unintegrated, pT c:onatant, cro•• aectiona. Solle of th••• are 

plotted in Figure 19. Th••• • dependence• will be discussed 

further in the foll.owing ••c:tiona. llecause of ·th• lac:lt of 

aufficier.t x valuea with sufficient.coverage of p'1' to do an 

Integration, W. have ued the anir.tegrated data for tHting 

modeb in a number of caH• where the absolute no~lisaUon 

vu anillportallt. 

'Ille•• croH •-tion• have larger error bars than the an-
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' 

I £ca. J'v Jp 2. 
FiVUEe 19. The invaria"t er<:>a• aeetion,. "~:.;. ~. ~ 1 

in uniu of llb and d•s.ot:ed by • .,. ia plot:~ecl aa 
a function of x. In plot• i throu9h l, 
COlllpariaon ia made vit:b the invariant: diffeient:ial 
croaa aection, Ecf,5. , in unit:• .of llb/GeV , 
•uured at: +100 GeV, PT"0.5 GeV/c and denoted 
by •••• 
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I. lcalint 

One ~roputy of high ~ergy incluiwcroH Hctiona, Vblcb 

ba4 been pr.:Sicte4 by rey1111U11 an4 YUlfJ, !!:, !!.• 1', ie kllOlftl 

•• mc:aU.ng. lie baw 4•flne4 tlle Lonnt1 invariant cro .... a& 

ti~" •• 

f ... cj10' 
Cs, pc.) • Ee -

d 'Pl 
ror unpolariH4 exper.iment1 .,. can replaoe p wi~ p40 an4 p10• 

ftu w can writ• 
. , 

f( ) • Ee. cl CT 
'' P.L er P•c - --.. --

1' clp... cl f ·~ 
In the center of aa11 fr... w can 4efine 

cM 
x - pc 

~ MAX 

an4 rewrite th• cro11 1ection •• 

Ec.c.... cl'cr 
f (s,p"'c'x) • 

'II' p:;:'~ dp ... •.hc 
Tbe 1calin9 hfpothe1i1 i1 the 1tatement 

f(•,1!.,.••> • f(~ 1 x). 

Tbat 11, f i• in4ep.n4ent of 1 when written •• a function of 

• an4 Ii!&.· 
la Plgure• 20 and 21 w ban plotted on th• .... 9raph ov 

croe• aectlona for 1aci4ent enervi .. of 175 an4 100 oev, aorr••

poncliDIJ to• ftlae8of 117.7 ud 371.t a.v2. Aa can be nu 

) 

-111-

' 

ritu" io. lcalia9 cc.p.rbm11 •• a r11nction of P'l' • 

~unit• are llb/Cev2• 

o - ero11 1ection1 at 1•187.7 a.v2 
JC - CroH 1eotion1 It 1•378. t Ge•z 
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~ t:vo .. u of dau 9QUalll' agree to J:la1:ter daan 5\ in 

lloth PJ. aw.pa and x 8VHP9• Zn tl&U• compuiaona our owrall 

ao:nallaation ucartalnqr i•· Doi: axpeC!Yd to play a nl• be

caua it: appli.aa equally to both .. ta of data. The .caling 

llypoth .. ia thu appear• to be valid within t:ba accuracy of 0or 

upar!Mat:. 'llleM data allow t:ba firn check of .calinf at: 

tlla•e enft9i .. ·for pion ·Uid·taoa lnduca4 nac:Uana. 
... 

( 
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C:. The Quark Decay Mo4el of Anl!!rHOD, 

Gutafaon, and PetarHn . 
'l'hi• fracpiantation modal by Alldareson, !!. !!• 20 draws llpclD 

RM work of Piald an4 Paynman in which the quark decay fanc

tiona were d•t•lllJ.nad.1 Theta quart decay functions, Dh(I) 
q 

are plaa~ol09ical ccmatruct. vhJ.cb g.lve the probability of 

a qtiark, q, turntnv mto a hadron b vlt:b - function, •• of 

tile ..-rt'• --.ntim. llMe t:ba tot.al --.ntum of all t:laa ba

droD• 11118t equal the -t• of the qaart, the o: hnctiona 

man atlafy 

Iha aumipt1on i• made that th••• dacQ' function• are indepen

dent of the· aource of the quark. Ideally theH func:tiona could 

all l:le datarained frOll lepton-hadron expari-nta. &owavar, 

alnca the•• aaparillanta are not complete~ theoretical prajuci

caa have guided the f.lnal foZ11a. 

The baaic idea, then, i• that a quark shaken loo•• .ln a 

had--hadron collialon will decay .into an observable Maon · · 

via tnek• au.ie quart decay functiona. lul obvioua idea ia to 

tun• that th• fragmentation d.iatribution• in Xr of the pn

caH a...ikon1 + p • luldron2 + x are a convolutioa of the -
II 

...,tua probU111qr diatriblltiona, fq 1(x) b of_ the quaru in 

.baazon1 vi~ t:ba 'IUrll decay fanctione o,/ea> 1 

( 



) 
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tdaer• x i• th• quark'• fraction of' the total avail~l• llCllleft• 

tua and • la badron2 • • fraction of tba quark•• ...atua. Row

.,,.r, calculatin9 thi• for t:Jae ca•• of th• roaction 

p + p ••• + I. 

aain9 th• quark dlatrlbution• which have been determined in the 

proton, Da• and awa found the reaultin9 fratmentatJ.on function 

fell off with Xp much faater than th• data indicated. 21 They 

Htimated that only ~ut 1' of the hi9h Xp croH aection could 

come from thi• proce ... 

A aecond piece of data Anderaaon !! .!!· uaed la the reault 

of a bubble chamber experlaent in which the char9e exc••• vaa 

... aured a• a function of rapidity a• •hewn in Fiture 22. 22 

Por a 100 GeV pion, the rapidity in the center of aa•• for Xp 

• O.l i• ~ut 2.3. Bence it appear• that about one-half to 

two-third• of the pion~ cbar,e, on the avera9e, l• left in the 

central re9ion. Thia would indicate the interaction proceed• · 

via quark exchan9e, rather than aome neutral particle exchan9e. 

In the moclel tbay have developed, when a maon interacta 

with the tar9et, one of it• valence quark• la wee (havin9 n•-

9U9ible ._.ntua) and r ... ina in the central re9ion after 

interactin9. 'l'be otbar quark continue• on with alaoat all of 

tbe or191.nal -tua. Thia quark then fra,.e1;1u or decay• 

via tba o: functions determined in lepton induced ruction•. 

!bi• ia illutrated in Fipre 23. 

So for the - of an in-U.9 .•, Uollt etaal pr~iliti•• 

) 

' 

~ 

.!. 

~''" ' 
0.4 --~ 

"I"" . ..... 
-II 
• -0.2 

. ti" . -0.4 

•HI• 

• 

.... - :-5 -2 -· 

FlCJUr8 22 

0 ,. 

) 

- IOO GeVlc ,,., 

• II GeVlc ,,., 

c:b&rV• Diatrlbution• in .-p Interaction• 

4 
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an upect-4 for eithv tbe " or tba a qurJt t:o •taJ' .... t:lae 

OMtral reviu. 'lbe ciurlt -t• dbtribaUOn• are .. .,. 
'· = 11 = i $(11-1) 

fti• y1e14• a tra.-ntatlon fanct1Gn 9iwn by 

f'.._.h(><,) •i D~ (><,)ti ()~(IC,) 

"°" tta.t bf iao11piD -4 cbuve -:tapt;ion 1nu1uce 

tbe to1l.owi119 are tru.1 . -.- ..... ..-o: • D11 ,, D~· • D a .. ..- .- .. 
t>., = n .. • Dz • 1>11 

'D~ • Dt = D~ • o;-
..._ tbe pnliotion• area 

r- r4 .. - F .-._. .,+ J. t>,.- + .J. "".,--
I"' • s .7. II ~ VJ -

.&. 'D... .L 1).-.,..., 
2. .... 2. ... - v . .-
J. T\ • +.L D- • 'D 2.. v.. 2 d 

(for the non-41ffractive ~rt) 

ror keon J:leaa pc%tic1 .. , t;l\ere MY tie ac.e SUl-bt'ealtin9 effects •. 

TM•• llav. been estillated ti) haft tb• effect that the 1 C or ii> 

.-rk will oarry.th• -.ntua 50t more often than tbe nonatrante 

quuu. 23 BeDoe they pn41ot 
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Th••• prediction• are par ... terle•• and· 9iv. abaolute croaa 

•action•. our data have been· plotted alon9 with the predictiODa 
0 x . 

acaled b7· i;•t.. ~n Fi9~~•e 2t &JM" 25. Th• valuea of oinel 

were taken from Ayre•, !!_ a1. 1' For the reaction••++ p • .+ + X 

and .- + p • .- + x, - have •ubtracted a tera ..!... + ---•-..... 
l•x Cl-x> 372 

from our cro•• aection• corre•pondin9 to the diffractive COllpOD• 

ent. We ••• that the overall normalization• do not a9r•• with . 

the data althou9h they are within a factor of two. Howev.r, a 

more important defect i• the fact that the fall off with increaa• 

in9 x i• •lower than the data indicate. 

Similar prediction• can be made for me•on• going to kaona. 

However, the function• u•ed by Field and Feynman were derivtld 

with very little data· an4· a••umed the kl• ratio approached 0.5 

a• Zr• 1. Recent data •ugge•t that the kl• ratio ia about. 0.1.2• 

ror thb reHon, Andenaon, et !.!• repar ... teri1e4 the deoa7 

function• 
k+ k+ k+ 

Du•·D~, D1 , where 

"• D 1c· o .. = ii 

) 

-uz-

OL.--0-'J-0.2_,__0;3.a...· ~0 ..... 4 __ 0.~&~-o.&L.--O...a..7 __ 0 .... .8-o.9~~,.o 

x 
' a. Quark Pra;.entation llOdel 

.+..,. w•+x aft.so Diffraoti'V8 Peak 
lhlbtraoUm. . 



·• 

.0 
E 

bl111C 
"0"0 

><I It 

-153-

2 

' r\ ....-PREDICTION 
' NORMALIZED I , AT x•.I 

. l', 
01L-.....L~-'-~'--__..~~~~'=""=--::---~:--~ 

0.1 . 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
x 

l'igue 2• I>. . Qllark rrapatatlon Moclel 
• -+p ·•·+x after Dlf~raatlwe .. all 

Subtraatlon · 

.0 

e 
~ 
xf~ 

( 

-is•-

.ABSOLUTE 
PREDICTION 

QL-......&~---.,...~---~--~~---~--~"---' 

O.t 0.2 Ql 0.4 o.5 0.6 0.7 0.8 Q.9 t.O 
x 

Pltur• 2' o. Quart Frapeatation.lladlll ' + .. 
• +p ... +x 
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O.t 02 o.:s G.4 o.s 0.6 0.7 o.a o.a t.O 
x 

Pitue 25. Quark Frapentatiml llDllel 
x+~ .++x 

They aleo .. de the &Humption 

+ k- k
D~ • DI • D• 

) 

Wlth th••• •••Ullptlon•, oar data for •+ + p • k+ + I ere pl~c.d 

in Pitur• 21 alon1 with tb• lll04el predlc~ion•, l.e., 

.. t .. 1e.. F· .. o:.,1c· .J. tc+ ..L 1'-.. tc• 
t •. • ~ D .. +:a. ""4 

We ••• that th• llOdel auf fer• from the •&me prob?.. of fall!Dt 

off too alovly. 

Putting aaid• th• que•tion of normalisationa, th• alopea 

of the curve• do not ••em to agree well with the data. We 

beli~v• the elope• are related to the requirement of the lteltA 

function• in the quark momentum probability di•tribution•. 1t19 

delta· function requirement wa• introduced without ri9orou• JllQ'

aical juetification. We can ••k whether a diffennt •••~t.i

will. produce better agreement. We have.replotted in Fipn JJ 

the g+ •.•+~at& along with the prediction uain9 a 4(• - O.lt 

function in•tead of 4 (z - 1), i.e., the ca•• where the faet 

quark ha• only 701 of the incident -•on'• -t11111. lfe ~

bed thb curve at a • 0.3. We ••• that we have mucb better 

a9r•-nt. Howev.r, this -thocS corre•pon4a to ueift9 val-
h of Dq<x,JO. 7). The•• decay functJ.ou vue ool:r deli.Md fOr 

•rv~nta between O an4 1. Bence a Dalve appUoatlOD of data 

delta function U•mrpt:iml ur naal.t ill anph:rsical nnlta 
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Finally, AnderHon ~ al. aHime th.at for baryon fragmen

tation only one valence quark ia left in the aentral revion. 
In thi• ca .. a diquark ayat .. carried 110at of the llCl8leftt1111 and 

tleca.ya. Hence they nquire tbe definitiou 

•• D .. " <~): H,< ... ) 

and. 
.. -Duu S H) (t) 

Tbeae function• could in principle be determined from.high 

Ejorken x lepton production in which a valence quark ia 

•kicked out• by the virtual photon and what ia left ia a 

diquark ayn-. Thia •Y•t•m ahould produce particle• in the 

•- war that hadronic proc•H•• do. However, the data an 

too akimpy for any parameteriaationa to be made. · 

The. •Humptiona in tbia llOdel have been introduced in a 

rather ad hoc faahion. Por in•tanca, - know that the valence 
.+ .+ 

quark -.ntua diatributiona, fu , fa , of th• quieacent pion 

are not delta function• and are probably not eo111plately inde

pendent. The way the aaallltlptiona of the llOdel have incorporatecl 

th••• facta ia not clear. It. Buan9 ha• a111r9aated a llOA pbrai

cal interpretation of tbia moc1a1. 25 

AH- that the quieacent pion bu - joint -tall 

probability cliatribat:ion f( :s1 ,~) for iu nlace iiuuta. 

n. prooaaa of interaction tranafoau thia joint pl:Obabilitr 

) 

-160-. 

diatribution auch that the reaultin9 diatribution ia aharplJ 

peaked at .x1 "' l, .x2 "' o, and x2 "' l, x1 "' o. Thia come• 

about becau .. th• interactin9 quark muat be a wee quarkr th• 

pion'• r .. ining llCllMlltua nat be carried by th• oth~ quark. 

'1'be final. lllOmllltua 4iatdbutio.-a caa be apprftXilnated by inde

pendent delta fuctiona 

'ffin•I (xi.Xa),.., ! £ex,- I) r,c><,)+i bCxa-l}f)(~,) 
Iii. quarka than fragMDt according to th& Dh function• u beq 

fore. 



.. 

' •· Q!ark l!!cc!l?J.n!don Model of Dae and a. 
.n. basic:! i4u of tbia recombinatioa 904•1 ·bf Das .aa .,.21 

i8 .i.uuuatecl in Fi9ure 21 for the reacdon p + p • .• + x. 

&in u ... ,.. that tbe illexllliag proton 1laa valence .-ark 41•

trDatiou u"'t>• .atx2i, ~ dtx3), ...._.. -tM x1 are equal .to 

the -ta of 1:laa i th ~urk 4iftde41 br tile -i- of tbe 

laoclialDt pm-.. ften the upmat is ..a. tbR to prodace a 

pi.Di ft ~-J'.,__ ••• ,lAqa .............. -tali i• abo 

.lufe aut ilLitiat• th• proc:e.. Tiie ODl.J qaacb with area

aoaabl• proballiU.tr of bavi119 a larf• -t\111 are the valence 

.-n-. 'I'll• central .. •11111Ption in Ws model ia that th fast 

,_zk 4iatrilration i• \111Cbanp4 by tile collision tiftwffn th• 

ll&ckona. Thi• allows the u .. of the valence quark c!bUibutiolla · 

ill tbe proton u determined by ·0ep iul .. tic elacUoprod\IC"" 

UoA. All •t!ler detail• of th• interaction ue J\01: •pacUic 

ill tb.1• model. Th• antiquark r9q\lired to produce th• pion cu 

either come from the incident baclron Ha or can be producad bf 

a 9luon from the interaction. Whatever their •ource, only anti-

91aru mvin9 in the • ._ direction•• the incident.badron. are 

allowed to.recombine. The•• antiquark• would not be preaent 

ill •lec:Uoproduction an4 hence l:hi• proc•H WO!lld not be al

lowed. The final elaent in tlai• llOUl ia a ~cOlllbin•tioa 

proNbilitr f1111Ction, a, which 91,,.• the proliability tlaat 

quarka at x1 ·and x2 recclllbill• to mk• a ••on with.- x. 

ror tlai• prooeea, then, w have 

•H2• 

OR 

( ( 



) 
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'lxi•&zJ b tM -nta probability dhtrihution for 

bav~n9 a qv.azk at x1 and an ant!qu&1k at x2• · The quark di•

u1bution• llbould be uncorrelated a•ide froa kine11atical con
•trainta. bec•u•• of th• aisahle difference between x &D4 x 1 2 
on the avera9e. Dae and awa aa• .... 

rc>t,,x,) = F\Cx,) F\ Cx .. ) ~(I- x,->C,,) 

tibera II U-x1 - •2J ia the pbaae apace factor and 11 ia a ooa-

1tant. Tbia 1a only an approximation •inc• inte9ration of 

th• joint quark prol*lility diatribv.Uon doe• not reprodue9 

the 1in9l• quark diatributiona. 2• 

Th• recotmination function i1 ua..-4 to be acale lnvar•· 

iant and i• taken to be 

wbera •a repreaenta the probability of recombination of tbe 

q and ii ~ where R' repreaentl all other recombia..tion pro

c••H• iavolvincJ the q, q and other constituent:. aacb a• quark

aat.1.,aark pair• and 9laou. 1• 1a upecte4 to be 9Ml1 witb· 

~pact to a2 ADJ· will be ilJllOl:ed. 'IM fon of a2 la 

tu.a to bet 

) 

-11•-

Were a i• •Olla normalisation con•tant. Thb aymmetric foll:9 

91.,.. tile ... t.,.. prob9bi1ity tor recollbination wbea s . I • •2· 
lo for oar example of p + f • tr+ + X w have 

" ~er ec I- x f' F11 ex,) Fi ex- x,) c:lx, 
a)( X o . 

lt •hould be noted that the antiquark.diatribution need not 

be tb• •- aa tho•• in th• initial hadron •inc• the interac

tion could llave created many qq paira. 

Th••• diatributiona have been generated and our data plot

ted over them in Fi9urH 29 and 30. The r cU1tribution1 ver.• . q 

taken fram paranieterisationa of electroproduction ~•ta by 

Pield and Peymnan. 7 For aillll,llicity th• antiq1;ark diatributiOA9 

ware taken to be tho•• determined by Pield and F•yninan al•~· 

Sine• our inte9rated reault• are aimilar to the uninte9rated . . 
cro11 ••c.tiona, w· have plotted botb ••ta of data. Jn either 

ca•• .,. hav• normalised th• da.ta at on• value of x. 1f• llave 

alllO. plotted the data for th• reac.tion ii + p + .. - + x. Except 

for normalisation, th1a reaction •hould be a.tmilar to p. + p 

+ • • + x. Our data llhow that within errora, t:bi• ia .o. 

'IMH.pn4ictioaw are not very aen.itive to tbe exact 

fora of the ... quark 4huib1lt:ions, F-, 'a• r an4 F-. 
. a • • 

Dab and t'Qlor ban aHd W. model &D4 llbon tbat tbeH 
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... qurk cUat:rJ.Jnatiou u. .... .1.uw to tJae part.I.cl• pzMuc-
27 

~ rat!oa , •·9•• 
~(><) • or • ., •• {; F .. l'lt,) Fi Cx·"·>ci.ac, 

er..-p.. J: F4<x,'l F"; C•-JC,)clx, 

... 
llf1rt '3wt i: f ,_ (ll,)fi (K • >e, )J>', 

Otic· ""- r: f"~(X.) F" .. <x-')t,),f)L, 

fter •••UMcl all the a'• and 8 1
• were equal and cancelled in 

tM rat.l.oa. !lier have alao ... -a tile fonm u(x) • acx> 
.-a

0
(l•x)l\a and a(x) • i(x) • a

0
(1-x)n8 • '!'hey hav. fit: aver-· 

a.,.a -clat:a frca FNAL1 and ISR2 from aeveral PT valuea, aince 

no ar•~t:ic PT dependence over the low ~ ran9• vaa obaer

~. Thay obtained the valuea nu• t ! 1 for t:h• FNAL re•ult:.e 

and a •OMWhat: hi9her ftlue, about: nu • 10, t:o ac~t:• 

tJae HR data. Tb• PNAL nsult:e -· fit:·-11 by uo. 1.2 ! 0.1, 

n •• s.75·~ 2.3, and •o. 0.135 ! 0.015. 

Our ratioe have been fit by t:hia procesa, although w 

cboH t:o fit: t:h• inv.r .. of t:he ratios 9iven above. The result:a 

are ahOvn in Fiq\.r• 31. oar value• are u
0 

• 1.0:J ± 0.55, 

a,.• 12.9 ! 4,1, n• • J.la ! 1.33, which are con•i•t:•nt: with 

Dllkll UM1 'laylor'• cletualnat!on. •o vu not: d•t:uaiaed by oar 

fiU • 

.'lb.I.• llOdel .I.a inccllllplete at pnaent. It only accoant:a for 

( 
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two-body recombination and hence lloe•.aot allow for reaotiou 

wbich praclace a buyonlc fragment. A aeCODIS 41ff101lltj i• that 

~ tba psotoa'• q\&Uk 4btdbutiona have baa 4etesaine4 vitb 

any aocvacy ao that ao pndiction• oaa be Mde for •eon fr-v• 

MDtation. In W• 1enae it: complemnu the quark fragment&• 

UOD m.Jel wlloM pre41ction• are now available for -..on frag

Mntation but ~·for •rr- fr....-ntat1Q11. It 1!1 a.leo i~r .. 

eftia9, M ..-~ • ot • .rt~1Mi ~i¥t.l~ ~ w• 
9Dde1 w1 ttiU a nabre appllution of the quark frapiel'tatioa 

i4ea1 414 not pa" .. ict tM oornot nor11albatl.on f~r the 4ata, 

u mntiOMc! in Mction c. 'fhi• 8!04e1 however, 4ou not evu 

attempt to pre4J.ct the ab110lute normaUaatiou, w• in•teat! 

.... tba •'• u4 8'• to -.le the .pndictione. '° tM da~. 

Altlaoatb w cou14 not u .. t:hie moclel to l!lak• predl.ot;iOft8c 

about ~ pion frag119ntat1on croH 1eotiou, we·h4lv• ...... thif 

110del to attempt th• lnwr .. proceH. '!'bat le, ,,. ueed owr 

data to try to 4ete:raitte th• pion'• quark 4i1trlb~tiona by fit• 
+ + + -tin9 to the croes eectione w + p • w + x, • + p • w + Jl, 

w• + p • x+ + x and .. + + p • k- + x, at pA • +100 GeV/c an4 

P.., • 0.3 GeV/c. We 1-diately encounterecl t- probleu. 

Tbe Urn va• tlae diffractlve peak in th• w + + p • w + + X r•·;. 
action. w. attempted to rUIOY• t:hl1 by •ubtracunv ta~ of 

the fona A + 8 J/2 • ·A and B vare evaluated at .x • o. 81. 
.1.-x (1-x) · 

Pd x • o.u vbere the error clue to a frav-ntation tall va• 
llelieved to be -11. fteH term wre .,tlvatecl by Uae -rk 

( ( 

of &sin921 
wbo clet•~ that ~~ "-~'~'-f~ of ~· · 

aifnlfioant triple Jtacip. COD.trilnat~·· ne .. ~ probl• 

vu tba Ja)qwn r•aonan~ pzo411Ctl0D of P 
0

' • aJi4 t° • • in botb 

ta.. 'I++ p •'I++ S~ w+ + p • .- + X n.ctiODa ... ~. 

attel8pted to r.-ove tlai• contrilnltlqn by Htimatin9 tbe•• 
~ eeqtion1 ~t p~ • o.3 tnm a fit ta tha 4ata ... mi.lnv 
• ~ --=~p,L 11 

fte fQJa o' tH pion cti.•.tr~m. va• U8-4 ~- HI 
.,.·-~ . . . . ': .. ,. '' . ' -.. -· .. . . . ~:.: -.... 

•Ca> ~lex> • •0 Cl~x> • 

i<x> 8! 4tx) • 4.c.Cl-~) " 4 

uCx> ~ I<:> • a x + u x for x 1.. o.1s 

n -a y:T.'D (1-!l) ta + II hd fOf X > 0 .1$ 

• ... 11 x fona for tlle valence quar;k• 18 11QUVa,te4 by tha 

"a.w• •c:a1in9• req'1U'811nt H •114J9Ht:ed by Parrar.29 'lbe 

r~uli:• of tbi~ fit are •bovn in Pi9u;e·32. 11bil• th• fite 

!';&°• not P.rtect, they •411• t:o 4o raer~ably well in predicting 

t,N tru4 of t!l• !Seta, ee119cially vlth Heh a •impl• lllOdel &1111 

!111.c:Ja crud• a1JJ1roxi1114tion•. The val-• of tb' fit par-tera . 

,,.r. 
n,. • 1.51 t o.sa . 

.n4 ~ 3.04 t 0.26 

n
8 

• o.as ! o.2s 
'Ille value• of the coefficiata wre eHentially uncl•t•raiDed al

tbough tlle valuaa 

( 



·. 

) 

\ 
~ 
E 

~
.,,,0.1 

Ill A 
"1111 

Ill 

•175-

·-... •+p- ... •+x 
•-·- ... •+p- ... -..x 
• ----- ... •+p-••+x 
·--- w•+p-.-+x 

G.I Q.2 cu °" 0.6 o.e 0.1 o.e Q.I t.O 
)( 

Pigure 32. Dd and Hwa Model 
rit1 to Quark Ra11mnt1111 Probability 
Di•tributions. 

a • 2.21 

a
0 

• 0.11 

do•'·" 
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and an overall normalization con1t•nt •qual to O.lt
0

9ave a 

n&80DU1e fit witll a x2 • 72.t for 20 degree• .of freedom •. 
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quark. This quark ia. known u a epectator, elDce it cannot 

ombine to fora a detectable particle nor did it interact 

vitJa the tarvet. 

BJ .l.avokint the clU.Uionsl COW1t.in9 nleell, the etn•• 
eectiona x Ii are pred.icte.f to hava the fora 

2D •1 
x ii • (l•x) apectatora 

:Elltuitiva1y, u the n'Ullbar of apectatora, which ahare the total 

mamentum, illcreaaaa, the probability for flndin9 a fravment 

with a lar9e fraction of th• lllOlllentwn, i.e., hi9h x, auat be 

•11PPr•Hecl. Thua tha above.•ituation represent• the lowut 

orclar procaH. Since the incident pion can have more than ana 

qq pair from tbe sea, there will be contribUtiona from procea

••• with more apectatora. However, theaa contribution• will 

bave bi9har powers of •11PPr•Hian for larp valua of x. 

!be 9luon exchange -chani- clif fera from quark exchan9a 

1n that a gluon 18 exchanged 1n the interaction. 'file gluon 

cban9 .. tJie color of both tile raceivin9 and ori9inatin9 quark. 

Thu• what are left are tvo Hparatinv color octets. Again the 

u and i quUk• can foZll a color ainglat, the It+. 11owe,,.r, now 

tllere are tvo quarka left to ahara the -t-• i.e., no 
epectatora. lote that tbeH q11&rk• do not fora • color •1D9let:. 

'l'tlerefore the coUting r11le predict• the power of (1-x) f0r 

t!Ua pzocau to be two gnater than that for quark ucbancJe. 

fte x wbJ.cb cleec:rillell tbeaa reactlona ia t:be U9ht coaa or 

j 

i. 
I 

) 

-uo-

' infinite 110Mnt1111 fraction. 'file beet approzimation to thi• 

•ariabl• 1e th• radial acal1D9 variable-_• z:···~· •Hcl 

bf Taylor, !.t ~. 11 Tbi• variable beCOM• equal to t:be Peyn

llall Sp H 8 • •• Ollr fite wre Mde in terJBa Of ... 

Tb• predictacl power• of (l•x) •hould be •••entially inda

penclent of tran .. wrae -..atU11 for emall value• of pT~ Tbe 

excban9acl quark or 9luon ab•orba th• ..,...tua uanafer t prior 

to th• be9innin9 of fravmentation. Por thia reason, fit• were 

perforaed on our cro•• aectiona for ••lected pT valuea, aa wall 

·aa on the int.,ratecl croH ••ctiona. 1cm. of th•" Uta are 

8bcMln in Piture 34. 

Table• 4,5, and I are a..-riea of the preclictacl power• lla4 

of tbe power• cletelC11linecl by the fita. The agreement with the 

quark exchan9e praclictiona i• generally 9oocl. It ahoulcl be noted 

that the prediction• are for the minimum powers. Bi9bar order 

conui!Jutiona c:an incraaaa the obaarvacl power•. The•• powers 

etill .. _ to lie below the mini&uia allowable for th• 9luon 

exchange proceH. Th• obaervacl powers are eHentially Pr lncle

pendent •• predicted. Thia juatifiaa our uae of unintevratecl 

croaa ••ctiona in aituationa where the x dependence -• invol...e.s. 

8- reaction•, however, appear to ha,,. power• vbicb -r 

be t:be nnlt of raaonance FocluctioD ud dac:ay which will pzo

d\1ae lladrona 1D • ntion wllare t:Mr -ld nonaally be nppnesel. 

ft1& ie t:be cU. iD t:be r .. ction s• + p • w-: + a, w11ere s.• lltOJ 

111111 .. ~.(1420) nwuace prodllftioD i• pr:-t.17 The .,,. .... 
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power. for thh reaction la 3, vhereaa the quark exchllftf9 llln

S- 1a pn4icte4 to·be 5. Bowever, the aovce of cliacrepanor 

in the other reaction• bu aot been iaolated. 

thia model la the moat.complete of th• three 41aouaMcl 

Nre. It ll&ltea pre4iction1 for all the rMction• with the 

exception of thoae vi th a lUdiaCJ particle effect. Ia theM 

latter ca•••• the 41ffraotiw coatriJ:Ntiou to the aro•• HC

tioa CClllplic:ate the fragaielltation aaalyaia. 

) \ 
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V. DllCVHIO• 

We !law aeen tllat thia uperimen.t ha• provided a -1~ 

of clata'ia th• lov p'l' bea fralJllMlntation region. 'l'hl.a 1• U. 

firat ~llae that high energy data of. hi7h atati•tical accuracy 

bu been mad• available for a variety of beaa particle• ot!iiar 

than protona. For exuiple, pT distribution• a• a functica e:.! 

:1rp are now availabl~ for 31 different reaction•. M&ny t."'8o

riea now make prediction• only for diatributiona inte9ratecl 

over PT• Thia n- data provide• input to n- 110deU vhic!t. -r 

include a pT dependence. Furthermore, 1calin9 ha1 nov beea 

ahown to be valid vit:hln s• for pion and kaon induced re-ctiODS. 

Aa for the llC>del• we have teated, th• reault1 are encoiar

a9in9. Th• llOdel of Ander1aon, ~ !!.· 1eema to de1cribe ..-oa 

fragmentation well, if minor chant•• are made. '!'bi• llOISel ..

ploy• a ••t of phenomenological function• and is l••• app.&l

in9, in a aen1e, ainca the detail• of th• actual hadl'Oll-~ 

scattering procea1 are hidden. In addition th• &11\IJll)tioaa of 

the lll04el are introduced in a rather ad hoc aanner. Also tH 

ca•• of baryon• in fragmentation proce••••• both a• frf1911118't.s 

and aa projactilaa, haw not yet bean teated 1inca no lletellei 

prediotioae haw been•••·. Here· our data cu aene .. • ,u ... 
H w believe thia llOClel, we oan UH ov cliatribUtiou tD ~ 

ldM both the ~ ud the o:•oa fanoti~. 
Ble llOClel of Du end ... make• apeoifio ... -.u- ..... 
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.... fr~tad.ola JICOOI••• hrt:benDre, W• llD4•1 ie .... i• 

u.,. to tbe 91Vk ti•t:dlnaticm• 1D the iDoident laa1koa ad 

allan u to llnualne tbeH ai.o. tbeH quark di•tribuUone, 

it eho\\14 be Mted, an aot nece•nrilr thoH of tbe qlll•ecut 

badron. 11anr 'Ii pain au be .. de duriq tll• iateraa~ion pn

•••• ._. of Vbicb cu ncmbine to Mk• the obeerved ..... 

n. dravl:lacJt of Uale model le tllli fact that it de•crJ.bee oalr 

tbe tvo-bady recxal:IU.tlon. An iDter•9ti119 ut.neiOll wi11 be 

one· vhicb au- u.; proaacuon d baryon•. 

n. Brod.ellf .aDCl QunJ.oa.mDcSel i• inter••tiq in.that it 

llllk" phllic:ticm• Uiout tbe exact nature of the interactloa. 

our data ahow ovenrhelain9ly that qurk exchange or annihlletion 

i• the dominant proceH. However, it r-ia• to be Wl4eretaoa 

whether our data vbicb have pown of 11-x> which are lowv 

than tbe •inilqm predicted are e\'ldence of tb• br.•aJt4ovn of 

tJI• ll04el or vbetber other proc•••••• be•i4•• fra1J1119ntatlon. 

er• in effect. 

Tiie•• three .iodel• eacb focue on a different part of tile 

·lladron•IMdron interaction. The Brodtey and G11nlon lllOdel focu ... 

on tbe act1,M1l interaction •cbani•a. The lllOCl•l of An4erHon 

.!! !!· really de•c:rlbH the final •tate interaction. ·.Th• Dae 

and sva picture i• .•en•1tive to tb• quark 4i•triblltion in tJ1e 

incldent badroa. A GOllPl•te picture ""14 unify all ~ .. 

. ooncept•. 

All thr" of tllH• llOd•l• focu on tJle quark aontent of 

tbe laaclsoa•. TM•• are eome of tbe fw -.tel• which uploy 

• 
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t:llU idea iD d•c:riJWl9 low ·P, lladroa·Udz'aa colli•i-.. .Baeed ,,. 

OD \be faUlJ' .,ao4 agftl. I t bet.w. - Pftti•i0u UO: 4ata, 

mie.ou be enaoarapd to believe tJaat: tllere _,be ...... u:r-
1111 J&'illoiple. 1a detlar!ldat ~ ud leptoaic ia•"1:1ou. 

l 
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A"EllDlll 1. Invariant Diffenntial Cro•• Section• • 
PT Dependenc:e 

'flli• appendix coi:itain• adclitional plota of invariant 

diffarential croa• ••ction• ••a functiCIA·of PT for x1 value• 

of 0.3 aa4 0.1. TM •yaibol• denote 

1 uaavera9e4 cro•• ••ctlon• (data taken at 
only one 1lp of the AVB an9l•) 

o averapd. croH .. ctiona ( data taken at 
bot!a aipl of tM AVB an9l•I 

n. uni.ta_ an u/Gev". 
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a.41atb• Corned.on• for ~ + b .. c + J: 

Tb.- folmllla \1894 for the radiati~• correctiold ~·· 
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E0 + E0 ' 
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~be•• funetiona 9iYe the "&pproxiaate •pectrnl di•trl!Ntion of 

the ellitted photon•. 

· ne GOntinution• from J.nela•tio •catterinr an 

-2c2-

r;. [t + 0.7(v.+v,)j ( ~ r· 

r:- [1 +0.1(v.+v.)J(t)~ 
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SR= v. [ .&t £. 
A AE'' +"" -, E' ] 

AE 

A = i[E· f; I 

1- g_' 
"'• 

.;. • Bf;L] 

+ :l.E". 
m\. 

. -E'] 
tin

2 9/a 

and·&1:0 • &B' • 1/2 of the enargy acceptance of our apectrcmater 

B0 18 the minimum iAeldent energy ltineiatieally perinitted 
ia1n 

to cauae a particle e to be detected at energy E'. 

E'aaa 18 aimilarly the llllXilllum energy perinitted kin ... tieally 

for a particle e produced.by a acatterin9 of particle 

a at enarcn £
0

• The apectral function• SA and s8 an 

definecS exactly •• in the elaatic caH, but now involw 

tbe iAtetration variabl••· 

) ) 

-:zu-

APPllRDIX IV. Spectr011Wtar Fir•t Order TRARSPORT Coefficient• 

Tbb appendix contain• a lhtint of aH th• u9netic 

element• in th• •pectroneter and their ••ttin9• for nor111al 

data- takin9. Al•o inclucl•d are the fir•t order TRANSPORT 

matrix •1111119nt• de1cribed in Chapter II. Th• matrix labeled. 

"TRAMSFOIVI 1• corn•pond• to the utrix a1 de•cribed in 

Cbapter II, and the .. trix labeled "TRAHSFORM 2" corr••pon4• 

to the utrix ~· The numbers in the fifth row• and 

ool.-a in theH utricH deacriba th• bau bunch l•ntth UM! 

are not relevant to our analyala. 
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