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CHAPTER I 

INTRODUCTION 

¥.any idea5 hove been put forward in an attempt to 

understand or at least demystify the various aspects of 

strong int~roctions. There arc the hydro<lynamic, 1 quark 2 and 

mult1pcriphcral 3 models. Somo, for cxarnplo, the quark model, 

focu11 o:i the systcm.:ilic trends in tho propertic!l of ll<i<lrons, 

while others arc more concerned wit~ the dynamics of intor-

actiong. To date, however, there is not ono model which is 

in agrc c~c nt ~ith all of the data. 

The convcnti on~l attempts at verifying or refl!ting 

tJicories ::c :.i t the ir ;;:;yrr.ptotic prcdictionn. In t 'hio p<ir-

ticul a r conlext, "Jsympt? ; ic" refers to time scalca largo 

co rn~arcd with tho characteristic timo scales of strong 

interactlo:1B, i.e. >> lo- 23 aecond. Littlo effort hil!J gone 

-2J into inve stigating tho early behavior ("'10 seco nd) of 

hadronic intcractlonn. 

This experiment (Fermilab experiment number 170) was 

an attempt to fill thia gap. The experiment consisted ot 

two distinct par to. The · f irnt p.:irt: measured the aver.:igc 

charged multiplicity in ~--nucleun interactiona ancl found a 

ver~ weak ato~ic number dependence tho n--Uranium mul-

tipl1city ia epproximatcly twic9 that of a rr--nuclcon 
j I 

interaction at ~am encrgioo of 100 anu 175 CuV. A cruae 

·I 
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angula..: distribution i11dic.:1tcs that ·· the incrca:;c in 1n•.lt , .. 

plicity is confined to the ~·cg ion a ? 26°. 

ThcGe interesting results prompted the second part of 

the experimenL whc:c the p::eu<l orapidity diotributio~~ in 
- , -C · 

hadron-nucleuG i · 1t2. ·,1cti ·l:1~ •··ere rr.c:\:JUrC'c1 for p, p, f. •: 

and rr beams at 50, 100 and 200 GeV. 

I.:' the results aro considered :::.; functi•>.1 ., cf th:: 

parameter:;, tl1e different beam parti<.:les exhibit sl!rpris-

ingly oimil<:ir beh<:ivior. The common featun.s incl116 <.. ii wc.:>X 

<kpcnd~ncc on tho <:it c0r..ic number of the L1rc; ct, a 1 1 ~a r. energy 

dependence ("'ln(s ~ ) und tho ilpp crcnt similarity between tha 

r c nul~3 of had ron-n~c lcon and hadron-nucleus collisiond i~ 

tho regi o n of hi gh p s eudor.:ipidilJ. 

Physics Motiv.:itioo 

Reasonable estim<ite:i of the chara-:te:t!i;t:i.c c'ifila .1ce 

in st yong interactions in the 100 GeV range in1icate th~t 

· it i~ of tho order of 10 fcrmis or greater. for exa~?le, 

from the uncertainty principle one c;in estima t .:? the ccnter

of-muss time sc.:ilc to ·be t * "' L, when• rn is 'the mas5' of 
mrr ,,. 

the pion, tho lightest known hadron. A 100 GeV proton-proton 

' interuction in the laboratory fr<imc of reference J-..:is u. ti.roe 

dil<ition factor y "' 7 when coropo.rcd to the centcr-of-'1\.:13S 

ayatcm. Theroforo tho charactcriGtic length stal~ in tho 

• laboratory ie T • Yt ~ 10 fermis. 
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Since the vidth of unstable hadrons is of the same 

order as the ~ass ot the pion, one 'WOUld obtain a similar 

result by considerin9 the stron9 decay ot such a particle. 

Similar numbers would be obtained also in the context of 

aomo models, 0 . 9. the multlperipheral model. 4 

further confirmation of these estimates is furnished 

by the ideas on and tho calculations ol a formation zone 5 

in analogy to the theory of Bremsstrahlung radiation, 

Landau and Pomeranchuk 6 noticed in 1953 that the Bremsstrah-

lung radiation decreased if tho aucceasive scatterings were 

cloaer than some characteristic time t• 

Condder Brernaetra hlung ra<lia tion from an electron, 

The intensity of radiation is 9iven by 

vhere l • current density of the electron 

w • frequency of radiatod photon 

• k • vavo nwnber of radiated photon 

12 . 

and the integral is to be evaluated over the path of the 

electron. Since w • lkl, the exponential factor can be 

vritten aa .-it/t where 

l , 

l 

wCl-k·v> r 

' . 

I· 

I 

I 

·, 

8 

If there are two successive scatters separated in time by t 

vhere t is much smaller than t• then the integral vanishes 

to lowest order in (t/tl• Thus successive scatters are 

ineffective in producing radiation if the time separation 

is small. 

The formation time t has a ready phyaic~l 1nterpre-

tation. 

t • 
E E 

Ewll-k·v> • l<p 

vhere r • (p,E) • 4-mor.1entwn of the e ·J.ectron 

and K u (~1w) - 4-momentum of the photon 

ip h the USU<'ll dot product of 4-vectors. Evaluating tho 

scalar dot pr0~uct i~ the rest frame of the electron, 

vhore w
0 

• frequency of photon as seon in the r.lectror•'"' 

rr>Ei c fro.me, 

so the formation time t ia just the period of tho photon 

(as oeen in tho e'l1i tting electron' o roet frnme) after it l1atJ 

bc' ·en ti: o.nsformcd to tho moving [rame. Tho !onnula t.iccom ''-

quite plausib1'J, 

This can be tranelated into the lan~uage of hadronic 

_ phyuica oimply by ovaluatin9 tite inv~riant dot product tor 
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. the caoa of a hadron radiating a meson. The formula becomes 

2 Ex 
t • 2 2 

(Mx) +µ 

~here E • beam energy 

H • mass of beam particle 

x fraction of beam energy taken by radiated meson 

µ s transverse mass of radiated meson. 

For a typical 100 GeV proton-proton interaction, this esti

e1.1te gives i ~ 20 fermis. 

There is, therefore, compelling evidence that in 

interactions of 100 GeV hadrons, the region within 10 fermis 

of the interaction contains states that may bo quite differ-

ent from the more familiar asyrnptotic states of hadrons. 

So it is reasonable, and indeed necessary, to inveatigato the 

early properties of hadronic oystcms if one is to understand 

tho strong interaction. 

In order to investigate the early behavior of 

hadronic systems, one is faced with the problem of having to 

make measurements within 10 fermia of the interaction (if 

one is not willing to wait for new accelerators to be built 

which arc no . powerful aa to make this di s tance a macro:ico?io 

one). Th!u task r~quires equip~cnt which io capable of 

interacting with hadrons in diotancos short compared with 

10 fermis. The onl'! material ~·nown to "have this property 

10 

is nu~lear matter. The hadronic absorption le~gths in 

nuclear matter are of the order of 2 ferr.iis. This ia to 'be 

compared with the diameter of, cay, a Uranium nucleus h-15 

fermis). rt appcnrs, therefore, that hadron-n~~Jccs inter

acticns can be of great help in dioccrning the ca~ly 

development of a hadronic interaction and in discriminating 

among the many thc~ries. 

Take the foll cwin g extr<0me c'i..se " ·'• an cxaff.?::..e. Si..:;::!)ose 

that the time scale of hadronic prod~c~ion is actcally much 

shorter ~ J:an our estimates. Let the final state ha~~o~~ 

(mostly pions) materialize in, say, 0.01 fcrmi. Thctie piona, 

c~ encountering successive nucleons within a nucleus, will 

interact .:i.1.d bring ;;.J.)QuL an intril-nuclear hadr-onic cazco:.de. 

An obvious mad fezi:atio.1 of this pher.orr.enon is a grr.:iqy 

increacod multlplicity. A naive calc~lation iields 

whe re <n> and ,n> aro the average multiplicities in 
hi\ hp 

h: dron-nuclcus anct hldron-nucleon collisi~ns rer.pectively. 

A is the atorr.ic n\L-:i.bc r of the nticlcus. J\t 100 GeV, t "1r. 

-! ratio of <n> to <n>h rcachr;s 10 for a u· 2.niu.-n tar<;et. 
hA p 

\ 11 more rcali&tic calculation im:o1porating energy cor.serva-

tion and the leading particle effect still gives r~tios of 

the order of 100. 



Thla is also th6 rapidity o! o~L !rame as se~n by the other. 

It takes on the values 2.3, 2.65 and 3.0 fer beam enorgiea 

o! 50, 100 ~~d 200 GrV. 

It is well known that in general a given a ngle in 

. the ccnter-u~-r.3&S canno~ be asnociatcd with a ~nique e~gle 

in the laboratur :i frame. However, th::.o is possible for a 

e•l vart:c:a. A a•l pbrticlcl produced dt 9L" Jo tho center

o!-mass fr£me of a 50 CeV proton-proton interaction has a 

laboratory angle o! 11.3". The corresponding angles for 100 

and 200 GeV proton-proton interactions are 8.1• and 5.7• 

~e11p<-c..t1vr4y. The pscudorapiditice of these angleo art$ 

preci~ e ly t );o vulues of u ci'lculatcd a bove. 

·;J1e ldncm,,tlc ,J ly >iJ Jc.wed raroge of repidity for the 

neco 1: dary particles depends not only on the ccntcr-of.-masa 

eocrgy but also on tho maso and tho transverse mom!?ntum or 

the particle, The limits aro discuao ed and tabulated in 

Appe ndi x II, whi~h contains a detailed discussion o! the 

r~pidity and pGcudorapidity variables. 

A crude estimate of tho rapidity ran9e is straight 

!orward. In the labcratory frame o! reference, the minimU!ll 

ropidity is apprn:dmately O, the :cl\pidity of the targot. The 

maximum rapidity is approximately that of the beam particle, 

2E · i.e. ln(~) where 111. i• the mass of the beam particle. For 
"'b 1:1 

a proton bcon, thi• i• twice tho center-of-mass rapidity u 

c"'lc1.1~. <1ted above. 

~ . 

I 

I ,. 
I 
I 
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I 

I 
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CHAPTER III 

PART I OF THE EXPERIMENT 

Introduction 

The first port of this experiment was carried out 

near the second focus of the M6 beam line in the Meson 

Detector Duilding of the Fermi National Accelerator Labora-

tory (Fcrmilab) • 

Tho initial testing of the apparatus waa performed at 

the Drookhaven National Laboratory (D~L) and tho equipment 

was first 11c t up in ti.a 116 bonm 11 no in October 19 7 l. The 

data were not taken until Juno 1974. Thore wero goveral 

reasons for this delay. Mo9t of thA time, tho experiment 

had to be run "parasitically,• i.e. tho equipment could be 

innertod into tho beam only with .tho cons.cnt or the prim1Sry 

user of tho beam lino. FNAL oxperiment numbers 69 and 96 

were the primary users of the M6 beam line at various time• 

during the course of this experiment. This arran9c me nt 

rosultod in sporadic running, and necessitated froquont 

testing and calibration as tho boam conditions changed. A 

fire in the MGW tunnel (December 1973) introduced a further 

delay. 

The data presented hero were obtained in a period of 

5 day• (the 14th to the 18th of June ~97t) whon the beAm 

line was temporarily in the control 9f thi• experiroont. 
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The interaction of 100 and 175 GeV/c w on nuclear 

targets producing n charged particles was studiod1 

w + A + n charged particles. 

Targets ranged from carbon (atomic number A • 12) to uraniwu 

(atomic number A• 2JB). Data on hydrogen target were 

obtained by aubtracting tha carbon data from the polyethylene 

(CU 2l data. 

Experimental Set-Up 

Tho beam wao not a separated w beam, but contained a 

t>ma 11 ad .11i xturo of e - , µ - , K- and p. Even thou9h the beam 

line \-l:J9 ln !l trwncnted with 3 gao Cherenkov countcro for 

identifying beam particlca, they were situated downstream 

o! and were t herefore of no use to this experiment. At 100 

and 175 GeV/c, the beam was predo:ninantly n (see 

Table III-l) . 18 

The el ec tron contamination of the bca:n was affectively 

eliminated by inserting 4/J radia tion lengths of lead at the 

first focus of tho bcJm -- sec Figure III-1. The ccvcro 

dcgrJd:iti on of the electron's energy prevented it from 

reaching tho second focus where thio experiment was per

!0"111cd, The ef fecto of tho other beam contaminations were 

takon into account during tho analysis. 

Typical beam intensitieo wore 0,5 106 particles per 

22 

second. There were no observable changes in t he data as the 

beam intensity v~ri 2d from O.l 106 to _l.O 10 6 parti~~ .cs per 

second. 

The apparatus is Ehown ~chematically i~ F~gurc I II -2. 

A counter telescope (consi sting of Ecintillaticn c0~nrcr~ 

BTl, Vl, V2 a~d Tl) defi~cd beam particles. Other count~rz 

wore used to trigger the data-acquisition ~~stc~. ~he rc

~aining counters, 13 in all, meaaurc<l the rau ltiflici~y in 

two a~gula r bin!l, 

~n accep t able beaLl particle Sdtisfi~d tho fcllowi~g 

requi1·emcnt.s: 

(1) D~l and Tl regis t ered counts in coincid~nco , 

(2) Vl and V2 did no t firo, 

(3) The pulr:e he i 9ht in DTl did r.ot exceed '. , 5 

times minimum ionizing, and 

(4) ~o other beam cand iciate (satisfying re

quireme nts (1) through (3) abova) was 

within 150 nano-seconds (nscc) of this 

beam p;:irticlc . 

1\ block di.:igram of the l:lectron ics used to 1mpo6o these 

rcquiremcntn is ehown in Figure III-3. 

Requirements (1) and (2) insurc:d that the bea.--o 

1particle was properly incident on tho targe t. The effects 

of doubly-occupied RF bucketo were minimized by (3). Tho 

laot roquire:nont was necessi tated by tho wid~ ~uloo width 
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('1.100 neec) o! the counter C. Thln counter was 11ituat0d in 

the beam and therefore responded to every beam particla as 

'l<ell ea interact ion oecondnr ies •· See J\ppendix I for detnila 

of this counter . 

Tho data acquisition system was triggered whenever all 

th~ following requirements were eatisfied1 

Ill thr,,ro WdS nn acceptable beam pnrti:ile aa 

rlefined above, 

(.l! el ti.e r tlL/~xl or wl f~:-t:d, 

(JI either dE/dx 2 or w2 fir~d, 

(4) DT2 did not regiu ter. a count, and 

(5) tho da, .~ a<.q•Ji~ition oyatcm WalJ last 

trigge:cd no so~ner than 22 µeec b <·f or~. 

1'h'! dE/dx1 and <lE/dxl ccu ntere had high thro·ihol.ds of 1.5 

time~ lllinirnuro ion izing. So (2) end (3) together required 

either o w'. <o-a ngle p11rticlo or mo re than 1 particle in tha 

for~ard direction. The effect of dolta-rnys on triggering 

"'as rcdu t:e d by t.lic pre6 ~ ncc of the J/4" of el urr. inum p:i.<i::ed 

in !roni: of the •! 2 count '? r. Tho olumlnum plate had 8 2-inch 

diamo::~el l,ole to allow passage of the Learn. 

The counter BT2 wa3 plnccd about 100 mote~ ·l down-

stream of the target and was isolated from the rest of tho 

equipment by bea~-line bending magnets, which deflected 

ooa?.. :.;.:rt..l..:lea 51.19 111illiradiane (ITU"nd). Triggering 'O'J 

energetic C:.elta-i:ay• wr.• tl;erefore reduced. The otbentis~ 

_ , 

I. 

I . 
I 

I 

. . 

24 

uninteracted beam particle would trigger BT2 and hence fail 

requirement (4). Tho momentum acceptance of the bending 

magnets was sufficiently small (hp/p~l.5\) so that a beam 

particle which had unucrgone 11 hadronic interaction had a 

negligible chance of reaching DT2. The last requirement 

guaranteed that tho data ncquisition eystem was not busy 

processing the previous event. 

The multiplicity detector consieted of 13 counter•, 

the 12 II counters and the C cour:ter, arranged as shown in 

Figure III-2. They were made of ultra-violet transmitting 

(WT) lucite, which i mposed a velocity acceptance of 

6?0.85 -- see Appendix III. 

The 12 H counters were arranged to give a hodoscop• 

in the ehape of a truncated cone. The inside or this con• 

was lined with a 1/2" layer of carbon, which served to 

absorb delta-rays produced in the target. 

The 13th counter, C, was n 12-eidcd bevelled slab of 

UVT lucito which fitted into the hole of the truncated cone. 

See J\ ppendix III for details or the design of this coun ter . 

It moaeured multiplicity with a novel pulse-height tech

nique. Details of this method can be found in Appendix IV. 

The targets were mounted on two styrofoaD'l wheels, one 

of which was used at any given time. Targets wars selected 

and positioned by remote control, The target wheel, illu•

trated in Figure III-•, waa turned until a digital readout 

.. 
I 
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on the wheel agreed with tho numbers previously determined 

with the aid of surveying equipment. A closed circuit tele

vision camera furnished a check on the choice and position 

of tho target, 

Data 

The data acquisition system consisted of two parts -

scalers and a pulse-height analyzer. The scalers were used 

tor 

(1) counting the nurnbor of beam particles and 

triggcra to yield cross-s ec tions, 

(2) cotimating "d ead-time • corrections to cross-

liections, and 

(3) other diagnostic functions, such as al ign 

ment or . the apparatus relative to tho bcum . 

Ths amount of charge in a pu ls e from tho C count waa 

digitized by tho pulse-height analy2er a~d stored in one of 

eight octanta. If nonP. of the 12 H counters forming tho 

cone-n haped hodoscopo r egistered a count, the f irot octant 

was sclccted. H one of tho 12 11 counters fired, the 

second octant ~as used , and so on. Even ts with 7 or more 

H count e rs firing were otorcd in tho last (eighth) octant. 

This ro~tin~ was done by a "home-made" device which first 

swnmc d tho information from tho 12 H counters and then 

con;parcd tho result with eight r proaot raluoo (0 through 7). 

26 

The appropriate signal was then sent to tho pulse-height 

analyzer to route tho data, 

Most of t he data ~ere obtained with t he apparatus in 

the c0nfiguration shown in Figure III-2, where the H hcdo

·6cope subtended the angular range 26°<8<110° and the C 

counter covered e < 26 ° , The r es t of the 1 <. til w<:re from c. 

differ ent geometry. 'l'he entire target '•Sscrr.b::.y, ir:cluding 

the t Jrg0 t whee l, the ~E/dx 1 , the w1 and the l ~E t two 1.~3~

a.~:i ning countcra (v 2 and T1), wa9 moved upstrc<ir.i a~:. ;::-roxi

mutely 36 inches . Data were obtain~d for new angular bins 

with thu c .;:< •Ulltcr C·:.vering t he forw.irct r..ost ) . s•. In all, 

da ta were ob~ alncd ;it l ?.c. iKintG given in T.:ibl~ I L ·-2. 

Several tilickn~ss ,'s of L.;cget Herc u&c: c' .1 t c:>.::h 

poi n t to allow an extra;,olation of the data to 2cro tar-i:,;::t 

t hickness i~ order to correct for cxt~a-nuclewr CD 6C~1J S, 

conversion of g<irnrna rays, production of delta ray ~· etc. 

Several diffcrc .1L thic~ncsses of radiators ~ere u ~ cd on the 

: ~ounter to a~cer:nin the effects, if a~y, that the 

radiator t h ickness migh t huve on t ho observed mulri~lici~~· 

No discernable effects ~ere found. 

l\t th£i end of c<ich run, thu infon1ation storcd in tho 

4096-channcl pul3c-height analyier and th e scalers was put 

on magnetic t112e. llcnco the o"' lY infor ma.tio:i available was 

the O opcctra (3torcd in the 8 ~ctants of tho an a lyzer) 

.integrated ove r an entire run. Of course, the sc.ilcr ir,fcr-
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iMtion i~ad bE-en sirni.l.e.rly integrated. No event-by-event 

info'C'?Mtion ··~s available. Typica l runo laGtcd approximately 

lS t~ JO minutes. 

So, in summary, the experiment producer' ', 1ata covering 

these two areas 1 

{l) the atomic number dcpendencn of t1Je charged 

multiplicity in tho region O<llO• in ~--A 

intcract~ons at 100 ond 175 GeV/o, and 

tll (crud i..'l ang.,lar distributions of the secondary 

particles in these interactions. 

/l.n a 1 ~..!_! 

Th0 first step in the data analysis was the removal 

of those events with three or fewer charged secondaries. 

This was necessary because of tho loo~e trigger requirements~ 

They accepted eve nts where tho beam particle interacted in 

tho C counter (which was measured to be about 10% of an 

interaction length) rather than in the target, provid ed that 

it ha~ depo sited more than 1.5 time s the minimum ionization 

cn~r1 1 in the counter dE/dx 1 or had produced a delta ray 

incident on the w1 counter. The low-multiplicity data wer9 

do~inated by these spurious events. A correction was later 

aprlied in order to account for the misuing (legitimate) 

~cw-~u:tiplicity events, This cut on the data was perforMed 

by fitting to t1Je pulae ho\ght dhtributior.& and then 

I 
I 

I 

.I ' 
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otatistically removing thooo events with leas than four 

charged secondaries. 

The average multiplicity and dispersion (<n> and DI of 

each of the eight spectra in each run were then evaluated. 

See Appendix IV for details of this calculation. The results 

from the eight spectra are summed together irrespective of 

whl.ch octant the information wa~ stored in to giv.J the 

average multiplicity and dispersion for tho forward small

angle region. Corrections were applied for the missing low

multiplicity events, acceptance, systematic bias in calibra

tion, etc. Sec Appendix V for details. These two quantitiel 

were then extrapolated to zero target thickncas with a linear 

extrapolation to give tho tinal results. 

Tho average multiplicity of the large-anglo region 

was obtained by examining the frequency distribution of 

struck H counters. The probability t hat more than one 

particle might have been incident on the same tt counter waa 

allowed for und er the as sump tion that there was no azimuth~l 

correlation among the wide-angle particles going into the 

H hodoscope. Since the information stopped at a maximum or 

7 tt counters firing simultaneously (the limitation being 

imposed by tho B octants of the pulse-height analyzer), all 

events with at least 7 active H count.era were assumed to have 

fired exactly 7 out of the 12 H countera. The mathematical 

detail• or thi• calculation are preuented in Appendix vi. 

., 
' 
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The results for the entire region o<ll0° were obtained by 

adding together the results of the 2 regions. 

Multiplicity distributions (as op~oscd to the first 

two mo~ents of these di3tributions) could not bo determined 

~ith sufficient accuracy to wai.-rant reporting :he results. 

Tho difficulties are explained in Appendix V. 

The data, analyzed as outlined above, are summarized 

in Tables III-) and III-4. The errore quoted in the tables 

do not include oyotcmatic effccta such an cutting off tho 

~ultiplicity distribution at 7 in tho angular region 

26"<6<110°. These effects \.Jero estimated to introduce an 

uncertainty of no more than J\. It is not underatood why 

the .--Uranium multiplicity is lower than the rr--Lead mul-

tiplicity at 100 CcV/c. 

Discusnion of Results 

f'igure III-5 showa tho mcai:ured absorption cro!la-

sections an<l thone reported in Reference 19. Tabla III-5 

lihowo the hyurogon-t.ngot reaulto of thio cxpcriinont, which 

were obtained by oubtracting the carbon data from tho poly-

ethylene (Cll 2) data. In the sar.io table arc tho resulto 

from hydrogen bubble chamber experimenio. 20 • 21 • 22 • 23 Tho 

agreer:icnt is satiGfactory. 

Ono can aeo from Figuro III-6 that tho multiplicity 

is a rolatively woak function ?! tho a~omic number of tho 
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target. If the data are considered in the form of RA .1&su~ 

V• an ap?arcn~ly energy-indepc:1dent linear relati~ns~ip 

is observed as shown in Figure III-7. Sti.-aight lir.es h;;.ve 

been fitted to the 100 GeV and the 175 GeV data se?aratel/ 

as wel: as to the co~b~ned data. In all cases , un;~:tain~ie~ 

in v have been incl udcd in the fit. llowevcr, sc.:t ~.: ~:1cer-

tainties, due to errorH in tho avera50 multiplicity for a 

hydrogen tacget in the case of RA and errors in the :->ion

nucleon crOGG-sect ion in the ~asc uf ~. hav e not ~ c cn 

included. The rc5ult5 of these fits arc give ~ in Table r:7·6. 

Th~ three fitted straight lines are consistent \.Jith beii.c 

th~ same line. Co~mic ray experiments (using ffiostly ~roto~ 

projcctilcn) also observe a Gimilar wc~k energy dcpc~drnco 

in RA vorsuo ~ over n much wider energy r.:tnge tho~gh wi~~ 

. greater unccrtainty. 18 The results arc si.:.r.unarized in 

Table III-7. 

Thi!! weak cncrsy dependence has been pointed out by 

milny othe r .:iuthors, working mostly .iith ef'.\ul!lions a.-.d cosmic 

rayo. 24 • 25 • 2 G• 27 ~i9urc III-O(a) sho\.Js that tho d.:ita of 

thi!l experiment aro compatible with datil obta l ned with a 

proton beam if RA versua ~ ia used a9 t~e mcaoure. 'l'ho 

6tr.:iiqht line nAQ0.62+0.40 ~ is the best linear fit to tho 

1cor.ibinc<l 100 and 175 GcV da ta of this CX)3riKent. It should 

bo no ted that this a?parcnt Eimilarity b0:wccn proto~s a~d 

pio:ilJ io dcstroyvd if tho Atomic m.i.-n.ber ;, i :i uued ao t;'.'\o 
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independent variable instead of V• This is shown in 

Figure III-B(b), where tho solid curve is a hand drawn line 

through the data of thia oxperirnent. It should also be 

empha!lizcd that tho values of RA' which has a very i;mall 

range, aro taken from many different exporimonte with possibly 

very dif fe~ent sy&tematic errors and biases. The observed 

!elltUl'< rn,'ly bo purely c c,incidcntal. 

Several features of the angular distributions 

:1·:9ure IIX-9) ai:o worth noticing. For 6<3.5°, the multi

~1~~l1 y does not depend on the target nucleus. As the angle 

inc~~aJ• s, RA' f~r any given;, also increases. For anglea 

between 26° and 110°, RA reaches a V3luo ot 5 for a Uranium 

target. So tho increaae in multiplicity ng a function of 

tl10 atomic mJnb ·:·· ()[ tho tar')<'t is predominilntly in tho 

r~~l11 cf larga angles. 
I 2 2 

•rhe disporoion in mull~plicitf, D "..J<n >-<r1> , is 

plotted against the average multiplicity, <n>, in 

Figure I:":>lO. Aho plotted in the samo figure are tho data 

of n-p 21• 22 • 23 • 28 inter~ctions. All the points appear to 

lie on the s ~ rr.c stra ig:1\· line 1 [h,0. 5< n>. The poss ~t le 

significance ... .,<! interpretation of this feature ie not 

dcfi11~ tt. 29 ' JU Whiltl one;- .night exp'.;c:..t o 2 +:,l vary linearly 

with <n> ~n a model where particles are p~od~cc<l indepen-

dcntly, resulting in a Poioson-liko distribution, the 

averaging over various categories of event& could obscure 

. I 

I 
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such a dependence, The averaging over different impact 

parameters would have a similar effect, To illustrate the 

deviation from a Poisson distribution, Figure III-11 shows 

tho topological . cross-sections in 200 GeV/c proton-proton 

interactions 31 anda Poisson distribution with a mean equal to 

the nverago multiplicity. Tho Poisson distribution has been 

arbitrarily nor-malized to tl10 data at n•6. Since emulsion 

experiments nnd neon bubl>lo chamber experiments have c&tab• 

liehod the phenomenological validity of KNO scaling, 32 • 33 • 34 

thie compar-ison also npplios to interactions with nuclear 

targetu. 

Therefore the results of the first part of the 

fi.Kperiment. can be swnmarized as folLlllBI 

(ll Tho average charged multiplicity in w • 

nucleus interactions is linear in the 

parameter v. 
(2) Tho multiplicity ratio.s, R

11
•<n>A/<n>p' 

can be adequately parameterized by 

Rl\a0,62+0.40 v. This parameterization 

appears to be energy independent. 

(3) Tho increase in multiplicity as a function 

of the target nucleus appears to be 

excluded from the region e!2&•. 

(4) The dispersion of the multiplicity dia

tribution in .--nucleua interaction• aeema 



-

33 

to be linearly relateJ to the average 

multiplicity. Furthermore, this linear 

dependence is consistent with an oxtrap-

olation o! the dependence obcerved in 

w-p interactions. 

However, this part of the experiment left 6everal 

inti"iguing questions unanswercd1 such as 

(l) Would proton-nucleus and pion-nucleus 

interactions yield recults that lie on a 

co~~o n nA vcrcus v curve as suggested by 

data from different groups? 

(2) Is R11 energy independent as indicated by 

the data? 

(.l) How is t he extra multiplicity in excess of 

a hadron-nucleon colli s ion distributed? 

Aro these particles, ind ependent of energy, 

confined to the r egion 0?25•7 

The answers to these qo~&tions can be used to diacriminato 

between tho - ~odela of atrong interaction. Thoce constraints 

are discussed further in Chapters V and VI. 

III-1 

III-2 

III-3 

III-4 

III-5 
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TADLE C!IPTirn:s 

Tho hadronic c ompos ition at 100 and 175 CeV/c of 

tho HG beam lino with the polarity act for negative 

particles. The nUJ:1bcrs arc fro~ Reference 18, 

Points where data were taken. 

The average multiplicities and <lispers{ons in 

100 GcV/c n -nucleus interactions. Ca~~ on hydrogen 

target were obtained by subtracting the Carton data 

from the Polyethylene data. 

'l'lle average rnulti;:>licitics and di~perr;ions in 

175 GcV/c v- -nuc leus inter"' ~ ·. io1 • '.> . D,1ta on 

hydrouc n targe t were obtained ~y subtracting the 

..:.:.rbo n data f rom t he Polyctr.ylcnc data. 

Conp ari son of the average multiplicities a~d dis~ 

pcrsions in n--proton interacticns of this 

c x~e cimcnt with bubble cha~bcr results. ~h e SO, 

100, 147 a~d 20S GcV/c data arc from Refc r er c ~ s 

20, 21 1 22 and l'.i rc s;oe:ct.i vclj. Dcc .:..'-lsc of 1..; 1u 

. velocity cut in this cxpcri.r.c nt. ($~0.85), the 

ob ~~rvcd avcrasc multiplicity should ou ap~roxl-

~atuly o.5 particle less than that in a ~·~~le 
JS 

ch~~bcr uxperi~cnt. 

The rc:.ul·.:i:; of fitting RA vcnus '-' wit'.1 a ot.raight 

lin~ (a+b~) • . The orroru on a and b nrc h~g '.Jy 
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~orrelated a~ shown by the error matrices, FIGURE CAPTIONS 

Tho chi-s<;'" ·1reJ per degree of freedom o! each fit 

is also given. 

RA ns a funct~on o! beam energy in proton-Emuluion 

and proton-Carbon interactions, Tho numbers are 

tr~nr: R~ferenco 8, 

III-7 

III•8 

The location of the experiment in the M6 beam line 

of Fermilab, Quadrupole magnets are shown schemat

ically as convex lenses1 dipole magnets are not 

· shown. 

Layout of the equipment. 

Block diagram of tho electronics. Note circuitry 

used to define acceptable beam particles, 

Illustration of the target wheel. 

The pion abGorption cross-sections measured in thl• 

experiment (•) and those in Reference 19 (x), 

Average charged multiplicities in w--nucleus 

interactions at 100 and 175 GeV/c, Secondary 

particles with laboratory angles greater than 

110° were not measured. 

RA versus v at 100 and 175 GcV/c. The line 11 the 

best linear flt to the combined data, 

(a) Comparison of RA vers~a v with other exrerimcnt1, 

(l.J) Comparison of RA vers11s A '>lith other experiment•• 

The data for this experiment are given by the 

solid lines. The data points area 

40 GeV/c n-Carbon, Reference 27 ( C) 

200 GeV/c n-Ncon, Reference 34 (x) 

200 CeV/c p-Emuleion, Reference 7 <A) 
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300 GeV/c p-Chromiwn (in emulsion), Reference 36 (V) 

300 GeV/c p-Tungatcn (j.n cmulaion) 1 Reference 36 (V) 

Echo Lako data, Reference 9 (O). 

Tho projectiles are 70\ p and 30%n at an 

aver~gc energy of 250 GcV. Taryeta nro 

Carbon, l\luminum, Iron, Tin and Lead. 

RA versus ~ for the 100 GeV/c n data in different 

angular bins. Tho errors shown do not include 

normalization uncertainties duo to errors of tho 

hydro9en point . 

III-10 Dispcroion vornus the ilVcrago multiplicity in nP 

and nA interactions. Low energy nP data (O) are 

from a compilation by I\. 1-lroblewski, Reference 28, 

The 100 (~), 147 (A) and 200 (0) GeV nP data arc 

from ~efercnces 21, 22 and 23 respectively. Tho 

hi')h multiplicity data (•) arc from tho n-A 

interactions of this experiment. 

III-11 Deviation of the topolo9ical cross-Bcctions from a 

Poisuon distribution. Tho data are from Reference 

31. The Poisson distribution has a mean of 6.94, 

the avcra<Jo char9cd multiplicity in 200 GoV/c 

proton-proton interactions. Tho curve has boon 

arbitrarily normAliied to tho data at n•6, 

i 
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Tl\nLE III-1 

Bc~m Cornpogition 

·-· " 
- p Momcntwn '!T • 

100 94..2:.s\ 3. ti:. 2\ 2.n:.1~• 

175 96.5:1.\ J.4!.2\ o.J!.osi 

*The n- componi..'nt contains ili?J?roxiroatcly l\ of e 
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TABLE III-3 

100 GeV/c --Nucleus Interactions 
. . 

lT 

Target v Average Multiplicities t>ispersion 

o<e<J.s• 0<8<26• ~6<e<110• O<e<110• 

B 1.00 J.32 s. 72 0.83 6.SS 2.9 
!.30 !.JO !.20 !.20 !.1 

c 1.36 J.J7 6~19 1.66 7.85 3.7 
. ...... 

.!.10 :!:.10 !.10 :.10 !.l 

Al 1.70 3.J8 6.24 2.07 8.31 4.J 
:!:.20 :!:.JO !.10 

+ . _.10 ~-2 
.._ .. 

Cu 2.H J.JO 6.8!) . 2.8J 9.72 4.8 C> 

:!. 2S !.JO !.10 !.10 !~ 2 

. Ag 2.48 J.22 7.2J J.47 10.7 5.4 
:t.JO :!:.30 :!:.20 !.20 !.J 

Pb 2.96 3.2J 7.98 4.20 12.2 s.s 
!.20 + .30 ~.10 !.20 !.2 -

u 3.07 3.2S , .48 4.25 11. 7 6.0 

!.20 
~ 

!:. 30 !.JO :!:. 20 !.3 .. · . .. 
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Tll.nLE III-6 
TJ\BLE III-7 

R~sulta of Fittinq to RA • a+bv . I 

Energy Dependence of RA for Eaiulsion Alld Carbon 

8 e a111 • ·b Erro r M.ltrix ~2 

~ ·n (n~T 0.,2!.o.c o • .co~.02 ( .002 -.OOl) 1.J -.OOl .OOl £Qulaion 

Energy (CeV) RA 

67 1.65 t .04 

11; -;"v o.6J!.os 0.40~.0l ( .<i02 
-.~' Ol. 

-.001) . 
.OOl 0.1 200 1.7) ! .0-4 

100 and (l.62!'.0J o.1io!.02 ( .COl -.001) 0.9 
US C<!V -.001 . .ooo 

200 1.68 + • er. 

"'1000 l.71 + • 31 

100 and (l,'1!.01 O.l9.!.0l 1.2 
us ecv• "')000 l.81 + .17 -

"'8000 1...6) • .12 

110 1.18 + .10 

200 1.10 + .oa 
290 1.15 ! .11 

HQ 1.16 !: .21 

67D 1.JJ ! .u . 
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FIGURE III-3 
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FIGURE III-4 
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FIGURE III-5 
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FIGURE III-9 
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FIGURE III-11 
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CllflPTER IV 

PART II OF Tl!E EXPERIMENT 

Motivation 

The first part o! FNAL experiment nwnber 178 37 yielded 

several pieces of interesting information. First, the 

average charged multiplicity per inelastic collioion in-

creases slowly with tho atomic number A of the target. 

Thie was a confirmation of em~lsion ~c s ults. 8 

Comparison with experimonta9 • 26 performed with proton 

beams suggests that this behavior is similar for both n-A 

and p-A interactions, provided that one uses RA and v as the 

relevant parameters. It was decided to explore this apparent 

similarity further within one experi ment in order to mini

mize any oystcma tic biases that might o ccur. 

Another f eature ~f the data is tho confine ment of the 

increase in multiplicity to the region of low pseudorapidity, 

Therefore anothe r goal of this experiment was to determiner 

the pseudorapidity (or angular) distri bution of tho charged 

secondaries in hadron-nucleus collisions. The differences 

between proton and pion induced reactions might manifest 

themselves in the pseudorapidity distribution, K and p be&JD• 

would also be used. 

Over the very limited energy range o! 100 to 175 GeV, 

RA appeared to be independent _o! energy. Thi• point would 

.. 
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be investigated further. The energy dependence of the 

pseudorapidity distribution would be examined also. 

In summary, tho poeudorapidity or angular dictribu-

tions of charged secondaries in hadron-nuclcu!I collisions 

would bo invc!l.tigd.ted as a function of tho onorgy of tho 

incident beam particle and tho identity of the beam particle 

as wall as the target. 

Experimental Set-up 

Tho second port of this experiment (FNAL Cxpotiment 

NUl!lber 178) was carried out at tho fourth focus of the M6W 

beam lino in tho Mcc;un L.iboratory of Fermilab, Tho equipment 

was situated approximately 600 motcrs from tho meson produc-

tion target -- see Figura IV-1. 

Setting up and testing occupied ~pril through June 

o! 1975. The data to be prcae nted hero wore obtained in a 

period of 10 days -- Aug\;st :i to Au<Juat 14 with two <la yo 

lost t0 r~gularly schedule~ m3 intcna nca of tho nccclorntor, 

Running conditiono during thia period woro poor. 

Beam availability wa!I sporadic. Having just attinod n 

400 GeV/c proton beam and att cmptin'] to commioio;i t ho 

"capacitor tree,• tho ~ccclerato r wan ~xporiencing · roliabil-

ity problems, which were c-ften exacorb.:>.ted by tho !lummor 

heat. Dcam quality wao 1100 poor. Tho opill timo w.io 

JSO · ~illiaoconda (mooo) ~ith A repetition cyclo of 13 
/' 

. • 

- ·-- .... .. • 

SB 

seconds. "Debunching" was far from complete as alr.losr. 41 of 

tho RF "buc~cts" wero doubly occupied at a beam intensity o! 

only 2 105 per opill. Thie waG much nighcc t '· an th.-:it Ol)-

served un -Jc r previous cxpcriir.ontal .;o:idi tio:-is vi !·.); <1 

300 Cc'v/.; proton beam L1cic1cnt on the meson produ c: dc.-r. 

targct. 38 

The detectors were based on the previouG sat e ;:> with 

three 12-oleme~t hcd~scopes added for increased anc;~l~r 

resolution. Re:l;-t.'• -o tfl ':nc target, the 0;or.o -sha;:>cc! l.c~ - ~-

Acope I! w.:>.o p:;ncntially ur.c.ovod. Tho UVT lucit .c :.ountcr C 

wa:i movou downotr~.:im to accommodate thu 3 new rir.,i-,,! 1 J~ ·ed 

hodoocupe !I. Se c Figure IV-2. 

The conctcuc tion of o:io of tho ring-sl.il;:>cd hoC:os:::o;:::cs 

i9 illustrated in Figure~ IV-3 a nd iV-4, which a:c the !ront 

and sido views re ~•!? <' CtiV <')ly . It ••.:is mad o of two liiycrti o~ 6 

co un tcrc o.:ich. Each counte r au b t and G 60° o~ the azl~u th • 

Tho two laye r s wero rotated 30° rclati ~cly t o one another 

oo t hat t he cracks butwecn adjacent countcru do not line u?• 

The front or upstrc.:>.m la yer wao made Qf 3/4-inch thic~ vV7 

lucito, while t he b.:ick or downstrc.:im layer wall mad.o cf l/~-

inch plastic Gcintillotor. 

There wcro ccvernl rcacona for D\;Ch J. co:i~t~uction. 

!.:rho front lucite layer impoi;od J. velocity nole:ction of 

e~o.as, tho aarna ao that impoGed by tho c counter und 'i:iy tho 

H hodoacop~. Its thicknoso also aorvoj to prav0nt dolt~-raya 
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fr~~ reaching the uo<n~tream scintillatoc lay~r unleas their · 

energies exceeded approximately e-10 MeV. 

Tht three gaa-filled Chercnkov counters uted to 

ldcnU ~\' beam fUtir.J.es are shown schcmatic111ly in Figure 

IV-l. Cl was a threshold Cncrenkov c~unter used . to identify 

plong, C2 was a Jifferential C~cren~~v counter used to tng 

pror.rns, illl<l CJ w().s a OJSC (Dif!crentlal I'.'C'chronous 

Cherenkov Counter) 3 9 set to idc1\tify Y.arn i. r.eta:...ls of 

those counters, including their perfornance characteristics, 

nre given in Refer~nccs 39 and 40. Thone counteru made it 

pou.ihlc. to t-i.ke proton, kaon and pion data simultanlloi·ely. 

An acccpt~ble L~am particle was defined bys 

(l) the counter.a T, TX and TY registered counts 

in co:cncidence, 

(2) veto counters VO, Vl and V2 wcro not hit, 

(J) the pulse height from the T counter did not 

cxrccd 1.5 times minimum ionizing, and 

(4) there was no other signal in the T counter 

~120 nsec before or after the coincidence 

signal. 

The reasons for these requirements are as discussed in 

Chapter III in connc~tion with the fir~t part of this 

experi.znent. · 

Tho bea.m rate was monitored by a scaler. The coin

('! .1.dence rates bet..,een this beaiu signal and each of the three 
·. 

----
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gas-filled Cherenkov counters were also scaled. Thus the 

beam rate of each particle type was known. Unfortunately, 

during the timo when the 200 GeV data were obtained, the 

DISC counter was not functioning after being drenched by a 

broken water pipe. Therefore there were no data on 

200 GeV/c K+ or K- reactions. 

. . 

Targets were mounted on tho cut-out bottom of plastic 

cups, which were ""'nually changed whenever it was necessary 

to change targets. The construction of these targote and 

their holder ie illustrated in Figura IV-5. A photograph 

of one such target, a 4-inch long block of polyethylene uaed 

only in testing, ie reproduced in Figure IV-6. 

The trigger requirements were as follows1 

(1) there was an acceptable beam particle as 

defined above, 

(2) there was at least one coincidence count 

(between front and back layers) in one of 

the three ring-shaped hodoscopes, or ther• 

were large pulses (greater than 1.5 times 

minimum ionizing) in both the dE/dx
1 

and 

tho dC/dx 2 counters, and 

(j) the data acquisition system was ready to 

process this event. 

For each event, the on/off state of the 48 hodoscope 

counters (12 from the H hodoscope and 12 each from the thre2 
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ring-shaped hodoscopes), the V3 counter which covered the 

region 1)!7, and the :; particle-identifying Cherenkov coun

ters were stored in CAMAC dovices. The puloe heights of the 

dE/dx1 , dE/dx
2 

and c counter!l were digitize<l and stored in 

CA..''.AC units also. The combined information was then trans

ferred to a ~~gnetic tape. The contents of tho scalers 

were recorded on tape periodically. 

Figures IV-7 and IV-B are schematic diagramo of the 

electronics u~ed to impose the requirements <liscu~sed above. 

Tho PDPl l/10 conip\.lter usetl to trani;fer data from 

CN1AC units to mJgnetic tape also performed diagnootic func

tions. The nur.\~er of events that were in<luced by protons, 

lcaons or pions as well as the nurnbur of untagged or 

multiply-tagged events were available on-line. Tho fre

queneicn at which the hodo~cope countorn were struck were 

also av.:d.1.:ible. Any asyl:\/'1etry around tho azimuth was an 

indication of malfunctioning counters or a misalignnent of 

the apparatus relative to tho beam. The three pul3c height 

di5tributions were also displayed on-line. Frequent visual 

inspections ascertained that there was no drift in the 

pedestal or the gain. Off-line analyses have confirmed 

this. 

A profile monitor, designed, manufactured, m~in

t.c.ined and supplied by Fcrroilab, was used to check tho 

bcl!JD ali9nment in addition to ips general well-being. It 

/. 
I 

I 
I 
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was located within the beam defining tclesco?e -- se~ 

Figura IV-2. Thia devico provlded a spill-by-zpill pro!ile 

of the beam in each Qf the two dirc::iono tra,svcrs0 to the 

beilm lino. Any si')nificant change in tho fiel'1.s o: the bc.:i...-:i 

lino magnets showed up instantly as a distorted profile. 

Data 

Tho targets used in 'this experiment are listed ::.n 

T11blc IV-1. Several thickneso.ea of each ir.<1tcrial were U!: ed 

to allow an extr.:ipol;:ition to zero t;;rget thicknu:;i;, llyclro-

gen-target data were obtained by subtracting tho carLon 

data from the polyc:hylene (Cil
2

) data. 

In order to obtai n finer an<Jular bins than those 

subtended by individual hodoscopcs, the =elative positions 

of the detectors ar.d the target were varied. One of these 

poni tions is chown in F igu?:"c I V-2. ~' he pscudora;>id:. ty 

coverage of the detectors in each of these gco~ctries io 

tnbulated in 'i'ilblc IV-2. 'l'i1ree po::;itio:is wc::c use~. 

Noto that there in no );aon data at 20~ GeV/c ;:! u·.; to r.\d\-

functicning of the DISC counter. 

Ty~ical beam intcnsicies were 1-3 10 5 bc.:i~ particles 

~er 350-mccc upill. A typical run lasted 10-30 minutes 

with a;::iproximiltel:· :·oooo triggcrn. 

The fract i··n of 1.vc,11t.s that were ·")roton (or lr:ac..n o• 
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-I 
· t: 

;.1ion) ,Induced d;•pendeo on the composition or the beam, which 

var icu -.,; th the morn en.t um a!. .,..elf n:. t l.e po~ ~ • .: '. t:y. The 

ratios of ~dentified beam particles arc given in Table IV-4. 

Notice that the fractions of the beam that were K+ or p are 

very sm~ll. The data on thenc bean particles have much 

poo:-"r· s ~:ltistical accuracy than th6 P"'..>ton or pion da\;11.. 

Anal:t:siu 

The first step in the ~nalysis wac the selection of 

those events which satisfied the followi~g three points•. 

(1) the re was an una mbi guous identification of 

t.hP ~am particle as a proton, kaon or pion, 

(2) t he c ou nter V3 was off this counter 

· cover~d the regi on ~~7.0. 

(3) t here were at l ea nt 3 charged secondaries. 

The second requ i rement was used primarily to reject e lastio 

scattering and non-interQcting beQm particles which de

po eit ed r e latively la r ge amounts of ene rgy in the dE/dx 

counter s . The thi rd requirement was motivated as in the 

f\~st part of this experiment. It helped to reject those 

n~en~s which had a hadronic interaction in the C counter 

C;,ly,. 

Tll·., · ~ut OI" the data \.las done _ without any fitting. 

The clear separation between 1, 2 and 3 part:'.cle peal~o in 

the pul110 hei'ght spectrum of the C countei:- allowed a 

.. 

i 
I 
I 
I 

i 
I 
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I 
I 
I 
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straight forward cut. The now missing 0-, 1- and 2-prong 

events would be corrected for later in the analysis. 

The resulting events were then separated into three 

_groups depending on . the beam particle identity. They were 

treated individually but in idontical fashion from this 

point on. 

The contribution from target empty interactions were 

subtracted. Empty target runs were taken at regular a~d 

frequent intervals for this purpose. Approxiroately 10\ of 

the data were on an empty target. 

The algorithm a us ed to find the avera ge multiplici-

ties in tho C counter an d in the H hodoscope were unchanged 

from the first part of this experiment. Details are given 

in Appendices IV a nd VI. 

With the as sumption of no azimuthal correlations 

within each ring hodos cope, its multiplicity distribution 

was obta_incd by a fitting procedure. The method is detailed 

in Appendix VII, which also offers reasons for the 

nsaumption. 

Corrections for the missing 0-, 1-, and 2-prong 

events as well as for acceptance were then applied. See 

Appendix VIII, The average multiplicity for each pseudo

rapidity bin was then extrapolated to zero target t~ick

ness. The data from the threo different positions are 

yiven in Tables lV-S(a) through IV-~(x). The error11 11hovn 
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in these tables do not include uncertainties in the shape of 

the p~uedorapidity distribution introduced when correcting 

for low- multiplicity events. This effect is estimated to 

change the multiplicity of each pscudorapidity bln by no 

1110re than 2-Ji·. 41 

In order to obtain multipl i cities for non-overlapping 

pseudora?idity bins, th~ data were avcrugcd over tho 3 

geo~etries as outli ne d in App endix VIII. Thc Ge r e sults are 

given in Ta b les IV-6(a) through IV-6(j). Si nce data we re 

not obtained for all targeto at all poaitions, only part of 

the data could be tr eated thio way. This is the e xplana tion 

for having no more than 5 targets in each of these tables. 

The errors in Tables IV-6(a) through IV-6(j) do not 

include uncertaintic D that ma y ha ve been introduced in tho 

correction for low-multiplicity events and those that may 

have resulted from th 2 algorit~~ used in ave raging the data 

over tho different geometrics. Their combined effect is 

estimated to be leas than 3%. 

Anothe: ap?roach was also used in the final steps of 

the -analysis. Aft0r the cxtrapol ~ tion to zero target 

thicknes~, but before averaging tho data from tho three 

available g"omctries, tile averag e mult.iplic i ty in each 

pseudora?idity bin was fitted with a polynomial in v. The 

point-to-point uncertainties in v wore included in the 

fita, Somo of tho6a !itn aro illuotratcd in riguros IV-9 
I I' 

.. 

- ..... 

66 

and IV-10. Highe r order polynomials were tried until ~n 

optimal fit was obtaine d as measured by the chi-squared ?er 

degree of freedom. To prevent the c hoice of unreasonable 

fits, a minim•~ of 2 degrees of freed om.wa s required. 

l'roviued thJ.t the aver u'J C multi plicit.y in CJ.(;h p_se1:•:oril?idity 

bin i a a cc ntinuou s f unction of the atom ic n G~be r ~ of t ee 

t a rget, these iits conJ.:1 be us e d to Cc tcr;-:r.ir.e c~c 1Js c ·.1C':l-

r apid i t:· d i s tribu t ion and hence the a verage multipi~c ity 

at all value H of ~. Po l yno~ ials ~arc used in t he fitD for 

case of computc t ion. No special significance choul~ ic 

attached to th l. 9 c' :c:,, .'.c e . Th0 s hil pL!s of th e fitt e C: j_.!,r.e.:; 

are not i n t e nde d t' .::o nv., y ... r.y spec~al si c;n ificr1 nce ciLt·.c: r; 

tho only purpos e of the fits is to allow an e"t~r ·.c.te of 

the r~pi o icy di s tribution a nd the av e rage multi~ i ici t) ~h ~ ~ 

one would hcvc o ~ tain e d usi ng some other t a ~s c t, 

Those fitt e u n u.'lll~crs ;;ero then avcr a c;oC. over the 

t hree nva ilablc position s in ex <1 c tly th e sJ me ;;a y as the 

- Originn l da ta. Th~ f inal r e sult ; of this proc edure a:e 

~iven in Tab les !V-7(<1 ) thr ough I~-7(j). The er:or s ~uoted 

in t he ::;e ta ble :; ('I'.:ibles rv- -11 do r.o:: i:1cludc th e pos &ible 

syDtcmatic biase s th.:it ~.:iy have been introduced by the 

algoritlun of s r..oothing the data 113 <:: functio:i of v, r.or do 

'they include the unce rtnintie~ dis=~s&ed in con~ect~~n 

with Tabl e s IV-5 and IV-6. Ecwuvor, the co~bincd effect 

of t.hcoo unccrtaint .i.cs io c;qoctcd to bo no moro th.un 5\ 
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for ~re~ r~eudoraoidity bin. 

A comparinon of tlio numbers given in •rnbles lV-6 (a) 

through lV-6(j) with those giv0n in Tablen IV-7(a) through 

IV-7 ( j) sho,.,ri tha '; lh~l are comp at iblo. So tho procedure 

for s11ootning ~nd interpolating tho data !or ci:lch .pseu<lo

:apiaity bin as a function ot ; is probQh)f ncceptablo. 

This int~rpoldtion scheme is necessary in order that proton, · 

kaon and ;'ion rt:a;:tions rnay be compared nt the same value 

of v. 

!_)~~~_!!_£~J£9Ults 

T~a data on hydroge~ target wLre o~~J!ned by a 

polycthy:..€:ne-carbon subtraction, i.e. the data on carbon 

targetn were treated as background for the data on poly-

ethylene ICH 2) targets. This hag tho unfortunate conse

quc1.ce ~f hJ~ing a background greater ~han the signal 

the ab~ol'.ption cross-::ect!.on of proton on carbon is 

approximately 24LI ,n'. llih·'I"r•D (mb) while that on hydrogen io 

about 30 rnb, Thus the data on hydrogen targets were poorly 

determined. ~nd ainco the hydrogen data will often be used 

as a reference for the data from other targets, e.g. the 

average rnul~iplicity on hydrogen is the denominator in the 

ratio RA' trends of the data can be obscured by tho poorly 

determined hydrogen point. Therefore all references to the 

hydrogen data will be based on the results obtained by tha 

- ... .... -
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second technique mentioned at tho end of the last se~tion. 

In other words, the continuity of the data as a function of 

the atomic number of the target was used to arrive at a 

slightly better detormined result for the data on hydrogen. 

Except for the average charged multiplicities, which 

oro swruTiarized in Table lV-8, ond tho ratio nA, all clin

cussions will be based on the results obtained by the 

second methorl, i.e. the numbers in Tables IV-7 (a) through 

IV-7 (j). Withuut this technique, it "'ould be impossible to 

test the validity of tho uso of v as the independent variable 

instead of the atomic number A. 

~n inspection of Tables lV-S(t) through lV-S(x) an~ 

Tnble lV-0 reveals that the 200 GeV/c n+ and w- data are 

consistent with ono another. However, the 11 data were 

usually better determined. This resulted from the fact 

that at 200 GeV/c, the negatively charged particles in the 

beam line were predominantly n "'hereas the positively 

charged particles were mostly protons. Unless otherwise 

stated, all references to the 200 GeV/c pion dnta refer to 

the 11 clata. 

The comparison of averaged charged multiplicities 

with hydrogen bubble chamber results 20 • 21 • 22 ,31, 42 • 43,44,4S 

is given in Table IV-9. The agreement is satisfactory, 

Figures IV-11 through IV-13 are comparisons of the (pseudo) 

rapidity distributions from hydrogen targets. In the caae 
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46 of the 100 GeV/c proton-proton data, the bubble chillnbcr 

results have been treated in exactly tho oamo way ao thla 

experiment's, i.e. th~ro was a velocity cut of ~>0.05 and all 

events with any track having ~>7 were removed. The agree

ment is excellent. In tho othe r caceo, 45147 the bubble 

chamber results have not been similarly treated. Theso 

distributions are given a~ a functi on of rapidity instead o! 

pscudorapldlty. Two pointo need to bo emphasized. Tho 

velocity cut of 0>0.85 im?oaed in this cx[lcriinent io ex

pected to res ult in an average multiplicity that iD lower 

35 i by about O.S particles. Interaction oecondaries, n the 

laboratory !ramo of reference, tend to have higher values o! 

pseudor apldity than their rapidities. (See J\ppend ix II for 

details on the ,;e va1· iablc~.) Hence one would e xpect the 

pscudor a pidity u~nlritutiono to be slightly lower and 

shifted to the right rcl<1tive to the corresponding rapidity 

distri~~tions. With those cautionary remarks in mind, one 

can see that the agreement between the results of thio 

expcrim0nt and thoso of bubble chamber experiments is 

satisfactory. 

·Figures IV-14 and IV-15 arc comparisono of the 

pscucnrapidity distributions of the 200 GcV emulsion data 

of this ex periment with thoso obtained from the optical 

40 ecaru.ing of emulnion str.cks. Tho avcrilgc 

d i 1 r ~_ 10 .1,s,4B,49,

1
so,s1 aro com~arc n Tab e • 

multiplici tieo 

Noto th01t soma 

' 

I 
1. 

I 
I 

I 
I 
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ot tho emulsion results of thin ex?eriment arc bused solely 

IL ahould be pointed out that in the com?arison of 

(~seudo)rapidity distr i butions, the normaliza tions arc 

absolute. ~he disL1ibutions havo not bee~ arbitrarily 

norr.1alizccl to •me; 11not:1t.:r1 tr.c <ire::i ur.dc r each d.istrib.i: :ion 

corrcnponds to tho rt;:c.rt cd nvcrago :nultipl: :ity o ~ •.: 1at 

rc..iction. 

Th::i rccults nrc now co:11;1n red with tho cu obtai~ .• ;d i:o 

tho fir~t 1 . .:irt of tilia exporimc:nt. '£ho average c·· .. 0irvcd 

rnul1· iplicitics c..rc surn:,~arizcd in ':'ablo IV-11. Except for 

smaller for a Uranium targt t than fer a Lc ~d t a rg e t already 

renders that p~rticular data point suspect. No te t~at the 

avcrngc multiplicitias tabul a t~d in Table IV-11 do not 

agree with those given in T~h!c !V-6. The ~· ~bcr~ l n 

Table IV-11 arc smaller bcca~st.: only tho multi~:ici~y ! 1 

the region 6<110° has be en included in order to rr.-i ke a :;., c. ;: 

comparison. 

If one i c; norcs the Uraniun data, there :;till .1r-;:iea:i; 

to be a syst ematic difference. ?he new ~casuremcnt:; give 

, results higher than th2 old @easur~"ents by 0.3 to 0.5 

particles. Whilo thcco nurn'.::iero arc within the r;y:;tcr.,iltic 

cirors estimated at ~Sa (not inc:~dcd in tho t~bleu), this 
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slight dis~~epancy iB discomforting. For the region 0<3.s• 

C.,>3.5), the two 'mea .surement:i agree. However, it ie diffi-· 

cult to inspect the regions 6<26° and 26"<0<110° .- e•2fi 0 and 

110° cocrc spond ton of 1.47 and -.36 renpcctively. In both 

cases, especially in the latter case, the pseudorapidity 

distribution is varying rapldly as a function of .,. Uncer

tainties in the angular bound .nies become greatly magnified 

when one in5pects the multiplicity. 

While this slight discrepancy cannot be completoly 

resolved, it can be uncteratood on the basis of omall mis-

measure ments of the polar angles. 

In the region of n>S, the multlplici:ies reported 

b :re do not decrea.ic as the 11tom i c number of tho target 

1ntreases. This in in appa~ent contradiction to the result• 

52.SJ 1 i cf ci .. u:siol\ experiments, · .ihcrc a decrease in mu t -

plicity has been noticed 11t1 ~h incre a ses, Nh is defined aa 

the numb {! r of heavily ionizing tracks, i.e. those charged 

particles with B~0.7. A moro detailed comparison (see 

Jlppendlx I X) show11. ti .at the data ·<>.re indeed quite corr.patible. 

Th~ appclr ~ nt disagreement is simply a manifestation that 

~h is not an equiv-.J.ent measure of the tdr')E.t as its 

atomic number. 

h~ving establiohed the validity of th& lata by com

f'a.ri mn, wh~re poi;sible, with other expcrimenta, attent:.ion 

will now bo focussed on eome feat l<r'!ll of 'i:he data • . The v 

dependence, the beam particle dependence and the energy 

dependence of the average charged multiplicities as well aa 

the pseudorapidity distributions will be discussed. 

As has been pointed out previously by many authors, 

the average charged multiplicity is a weak function of the 

atomic number A of the target. Figure IV-16 shows the 

average multiplicity in proton nucleuo collisions at SO, 100 

and 200 . GoV as a function of ~. ~ is defined as the average 

number of absorption mean freo paths that the target nucleua 

presents to the beam particle. - 1/3 For protons, v~A • De-

tails on~ can be found in Appendix I. The data on reac

tions initiated by anti-protons, kaons and pions show 

similar weak atomic number dependences. 

The rise in multiplicity as a function of v appear• 

to be excluded from tho region of high p seudorapidity. Thia 

is illustrated in Figures IV-17 through IV-19, where the 

peeudorapidity distributions for val, 2 and ) have be-en 

plotted for pion beams of SO, 100 and 200 GeV/c. The 

proton, on~i-proton and kaon re5ults, which are not shovn, 

exhibit similar trends. 

The similarities and differences of the data for the 

· various beam particles will now be discussed, It has been 

noticed previously that the proton and pion data look 

remarkably similar if one uses tho scaled multiplicity RA 

and the parameter v as the variables. Figure IV-20 aho"'• 
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the best linear fits to the data of RA versus ~ for proton, 

k.aon and pion induced rcactiona at 50 and 100 GcV/c. The 

parameters of the fitted straight lines arc given in 

Table IV-12. 

It appears that tho kaon data is significantly 

different from the proton and pion data, which arc consis

tent with being identical. llcwcvcr, r;uch a conclusion may 

be pre11..Jturo. First, it should be pointed out that in 

fitting the straight lines to RA versuo v only point-to

point errors have been included. Uncertainties in both R A 

and \i h;i.ve been tJ.ken into account. llowever , overJ.11 

normalization unc0rtainties were not included. For 

exa~ple, the uncertainties in the multiplicities of hadron

hydrogen interactions were not included in tho errors of 

RA. It would c~tcr as a scale uncertainty. Similarly , 

uncertainties in the hadron-nucleon cross-section9 were not 

included in the errors on \I• It 1;ould enter as an uncer-

tainty in the ocalo of \I. It is unlikely that the first 

effect can account for tho observed difference~: . Tlic 

c;econu effect in far rr.oro importcint in thio comparison of 

different beam particles. The acalo uncertainties in ~ 

are 2\, 13\ and 3\ for proton, kaon ~nd pion bcam3 respect

ively. ~co Appendix I and Table 1\-I-l for further details. 

A change in tho \i ccalo for tho kaon data by ono standard 

deviation (i.e. 13\) would mako)tha fit1 to RA veroue v 
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for kaon-initiatcd reactions compatible with those for pro

ton and pion beam3. A more definitive com?arison ha9 t~ 

await a better measurement of the kaon-proton absorption 

cross-section in the energy ra:ogc of 50 to 100 GeV. 

The comparison of anti-proton data also have to be 

poGtponcd. Thero aro no published data on the ab~orption 

croc!i-sectionG of :inti-proton:; on nuclei. If o:oe a!i:;u.-r.eo 

ns in Appendix I that tho values of ~ aro identical fer 

proton and anti-proton beams, ono can conclu~o :h~t the 

proton and ~nti-proton data aro indistinguiGhable in Rh 

verau9 \I · 

Sarna models make predictions fer the a~cragc cul-

tiplicity using po~er l ;..w dependenc~F o~ ~ he ~to~ic 

numbor I\. To facilitat2 future co~parisons, the dat~ have 

ala., br:en fitted to the form n,\~I\I\"'. The rcs1:.L~s ..,, o 

i;unur . .:irized i:i Tublo IV-:3. 7hese ~~ts ga ve c!1i-!iC:U.l:O:ed 

per degree of freedora system~tically higher than those in 

fitg to RAaa1b~. The c=rors on RI\ hJ.ve been treated tr.e 

oilrna way :is i~ =he previou5 fitG1 normalization u~rcr-

taintie5 on nl\ were not included in t~e fits. The f~~ccd 

values of .. nppear to ceper.d on tl':o identity of tr.u baa..-a 

pilrticle. 

A furLhcr co~parioon of tho three diffcre1r ~cam 

particlea io th~ ccmp~rioo~ of the paaudorapidity di&

t~ ibutiona. F.gu . <H• IV-21 through. l'.'· 2:. ,.re t.h~ pr;cudo-
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rapidity distributions !or ~·2 ot 50, 100 and 200 GeV/c. In 

tho !irr;t _ t~o canes, proton, kaon and pion datn W·'!re avail

able, whll~ in the last instonce therr wa~ no kaon ~ata. 
~ 

The <listr ~bulions for the three beam particles have aimilnr 

shapes, Their ~.c-:l'alizat. J.on differences are due to the 

different multiplicities in hadron-nucle9n colli sio n~. In 

pllrtit:ular, the :rulliplicities in the forward angular region 

(5cn<7) are independent of the tn rg~t nucleus and ore con

sisten t with t~e results fr om hydrogen bubble chambers. It 

should be emphasized that in this comparison of different 

beam particles, the value of ~ is only precise to within 

the scale uncertainties ~entioned above. 

~ttcntion will now bo turned to tho energy dependence 

o! the ~esults. Emulsion experiments have Ghown that RA ie 

proctic~lly independent of encr~y8 above ~70 GeV. See 

Ta ble III-7. Figure IV-24 is a co mpa rison of the results 
. 26 49 54 

o ~ thi s experiment and emulsion ex perimento ' ' per-

forme d with incid ent protons. They arc in fair agreeme~t, 

.lH:liough thi:: results of this expe riment oppear to favor 

~ otror.~ ! ~ energy ccpcn<lPncc. 

Figure l~-25 s~1vo the best fits tc RA versus ; in 

proton- and pion-nucleus interaction~ ot SO, 100 and 200 

Gi!V/c. The par~ncter~ of these fits are given in 

Tat>le lV-ll. Tal<;ing into account posoi.ble norm~lizo.tion 

d.!ferencoa in RA' i.e. un-:: P-rtainti'la in the average mul-

' .. 
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tiplicities for hydrogen targets, the lines are compatible 

with being energy independent. 

Figure lV-26 shows tho w-Carbon 27 and p-Emulsion26 •49,5( 

average multiplicities as a function of beam energy. Lo~ 

energy data have also been included, 25 • 55 • 56 • 57. The data 

are compa tible with a ln(s) behavior, similar to proton

proton data. 

Figure IV-27 shows the p:;cudorapidity distribution• 

of the proton data for v•2 at 50, 100 and 200 GeV. The 

increase in multiplicity as a function of beam energy ia 

p~edominantly in the region of higher pseudorapidity. 

Figure IV-28 shows the pion data at va), 

It has been pointed out e a rlier that the rise in 

' multiplicity as a function of v is confined to regions ot 

low rapidity. The critical valuo of pseudorapidity for 

this increase becomes larger as the beam energy increases, 

This is demonstrated in Figure IV-29. The proton data for 

a va) target with tho pseudorapidity distributions from • 

hydrogen target oubtrocted are displayed for SO, 100 and 

200 GeV, Tho increase in width in pscudorapidity of the 

excess multiplicity over hydrogen is now more apparent. 

Thus in summary, 

(l) The linear dependence between RA and v 

seems to be independent of the identity 

o! the beam particle, with the possible 
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exceptions of kaon and anti-proton. 

(2) RA is at ~,est a weak function of energy 

in the range SO to 200 CcV. 

(3) For the same value of ~. tha shapes of 

the pseudorapidity distributions are 

similar for proton, kaon, pion and anti-

pcoton beams. There arc 6light differ-

ences in their heights, which are 

compatible with the differences in the 

rnultiplicitios of the different beam 

particles on hydroge n. 

(4) As the beam energy is incrcas0d, there 

is a corresponding (though slow) in

crease in multiplicity which is pre

domin~n tly in tha r egion of high 

ps eudo rapidity, 

(5) At a fixed beam energy, tho riso in 

~ultiplicity as a function of tho 

atomic n~~bcr of tho turget is con-

fined to the region of low ps eudo-

rapidity. 

(6) Tl.e extent in pseudorapidity where 

this rise occur!.! increases with tho 

beam energy. The left ed~e of this 

enhancement io cnoyJY inde~cndcn t, while 

the rignt edgo goea to hi~her value~ o! n. 

IV-l 

IV-2 

IV-3 

IV-4 

IV-5 

IV-6 
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TA!3LF. ClJ'TI O~l S 

List of targets us ed in the second part of this 

experimen t. 

Pseudorapidity bins covered in the 3 different 

georr.e trie.9. The range and size of ea<..:J . pscu.=orapid-

ity bin ar c ~iv~n. 

Summo.ry of availublc clata. ?\ote that there is no 

kaon data at 200 CcV/c. 

Dcam composition at vucious moment' ~nd p~l.:.rity. 

Only tliosc1 be <11:1 particl e: G which · .... ere ur.:i;r.big'.iJu:;ly 

id eu tifi .:?d liavo l.Jcen included. The t o tal h<..!l ~.<; .'.!n 

n~rmn li zed to 100%. At 200 GcV/c, kaons were not 

detected a s a re s ult of e quipmen t fa~lurc. 

(a l t '.1cous l '.x) - Ob:; crvcd avc r .:.gc char9ed r.1ulti-

pliciLi c ~ ln e~~ h p~c urlorapid ity bin for all th~ 

reaction ~ inv ~ &ti~a te~ . Unccrtainti~. arc al ~ o 

included. The ~uoted errors do ~ot inclu~c po5q~blo 

biases introduced by the cor rec cic n f ?r th e ~L~-

rnul~ i pli city events. This n- depcndcnt cff ~ = t io 

estimated to be l es s than 3i -- sec text. 

(n) ttr0ug~ (j)-Avcrage chargce multiplicities in 

c.:ich pseud..ira::iici<;:y bi.1 after uveraging ovcr tl.e 

3 gco~~trica. Tho quoted c=rors icclv~u al~ 

cf!octa that were included in Tabla IV-5. ~oto 
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that thie table represents lens data than Table 

!V-S -- · in many irstnnccs there were not enough 

d~la 0ver th~ diff~•~nt geometries to allow a 
mcaning!ul avcrag o . 

(a) through (j)-1\vcruge charged multiplicities in 

ea-:h ' ' ·~ 12 non-ovctlupping pscud0rapi:lity blna. 

These numbers ·1cre obtained by an interµolation 

UC(: telc"~ fo.: details. The in:Ht.:i"lt~d erroro do ,10\; 

include systematic biases due to ~ nterpolation. The 

1 ystematic effectu are expected to t."l~al no more 

th ·'I" 5\. 

Sum~<iry of av<!rage chnrg£'<l multiplicities. 

Com~ ~ ~ison of hadron-pro~~~ ~veraqo charged mul~ 

IV·lO 
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expocted to be ~o.5 losa than bubble chamber 

results.JS 

Comparison of average charged multiplicit~~s in 

hadron-emulsion experimunts. Tho ernulaion data are 

from1 

a S.A. Azimov et al, Reference 4~ 

b J. Bnbecki et al, Reference 26 

c P.L. Jain et al, Reference SO 

d l\lma-Ata-G.:itchina-Moscow-Tashkent Ccllaboretion, 

Reference 48 

e I. Otterlund, Reference 51 

See Appendix IX for a definition of <ns>I it i• 

similar to the average charged multiplicity of thia 

tiplicitic!I with othe::- cYp:riment11. The hydrogen . experiment. 

bubble chamb<?r data are fromr IV-11 Comparison of the average charged multiplicitiea 

a v.v. Arnmosov et al, Reference 42 

b J. Erwin et al, Reference 43 

c C. Bromberg et al, Reference 44 

d S. Dari~h et <il, Reference ~l 

A G.A. 1\l;".lpdjanov et al, rtcferenco 20 

f E.L. Berger et al, Reference 21 

g D. Bogert et al, Reference 22 

h ·v.E. Barnes et al, Reference 45 

£ecauso of the velocity cut used in this experiment, 

the measured average charged multiplicities ure 

I. 

IV-12 

in 100 GcV/c ~-nucleus interactions measured in 

the first and second paits of this experiment. 

Note that the numbers in this tabla do not agree 

with tho5e in Tables IV-6 or IV-7. The number• 

here refer to tho angular range O<llO". 

Results or fitting RA versus ~ with a straight line 

of the form a+b~. The quoted errors on a and b 

are highly correlated. The typical errors on RA 

· that one would have obtained using the full error 

matrix are 9iven in the column "error• on RA"• 
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The chi-squared per degree o! freedom are also 

listed, 

IV-13 
.. 

Results o! fitting to ~AaR1A • For an explnnation IV-l 

o! tho errors, soe abovo, Table IV-12. 

IV-2 

IV-3 

i IV-4 

IV-5 

IV-6 

IV-7 

IV-8 

IV-9 

·, 

IV-10 
j' 
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FIGUll:: Cl\PTIONS 

LOcation of tho ox?crimcnt. The ~6 be~~ lino splits 

into 2 branches near the third focus. This cxperi-

ment wao carried ou t in tho weot branch. 

Layout of the cc;uipr.:cnt. 

Fron t vi ew of a rin~-shapcd hodoccopo. The solid 

lines outline the 6 UVT lucito counters; the dachod 

lines are for the cc intillation cou~ter~. 

Side view of a ring hodocco?c. 

Tnc construction of a typic al t arget in itc holder. 

Picture ·of an actual t arse t holder. The t3r~et 

:o;hown in l he pic ture io ~' 4-inc" '.1' icl( piece of 

pol yethylene (C!l
2
), w~ic ! 1 1·:~ c on l y uccd fe r t.est

ing; actual targ~ts d i d no t e xceed l/a-i n~~-

Dlock di ag;am of elect ro~ics for t he beam de fining 

log i.::. 

Blo~k dia;ra~ of clcetronico for the trig1c r l og ic. 

. l\n ill J! t_'.J.tlc1 '-f t ~ o pc,1ynorc:<1l i nterpol:.. : '. ,>.1 e>! 

the ave r .J.<JO multip licity in eu:;h pce• ;dcr;ipic! it.)" 

bi n uu a function of ~ in ~C GcV/c n-n 1c l 0.u~ 

colli r. i onu . Tho pointo nru th ~ actuul data and the 

oolid linus ar~ tho bc:it fitu .:i:i C'.cfined .:.;, tho 

text. 

An illus•ccatinn of th.i polynomi.J.l interpol.:ition of 
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the average charged multiplicity in ench pseudo

rapid ity bin as a function of~ in 100 CcV/c 

w-nucleus collisions. 

Comparison of tho pacudorapidity distribution of 

100 GcV/c proton-proton interaction wlth bubble 

chamber rcsulto. The aolid line io from thio 

experiment; the dashed line is from tho Michigan-

Rochester Collaboration, Reference 46. Cuts have 

been applied to the bubble chamber data to simulate 

the conditiono of this experiment, Only trncke 

with ~>0.05 ~cru considered, Event.a with any track 

having n>7 and those with lean than 3 charged 

se ~ond~riea were nl~o rejected. 

Comp~rison of tho 200 GcV/c pro~on-proton pseudo-

rapidity dlstributJon with the ra?idity distribution 

o~'.:.ained in a bvbblo chamber experiment, Rcferenc3 

47. The bubble chamber results were only presented 

for tho rcgio!l ycm<O 11nd hove been r<!flected about 

tt. ·, ccnter-<'~-maos r;:ipidity to giv~ tho rntiro 

d!~\rlbutlun. Note that the bubble chamber result• 

(dashed lines) ·re in r:?ility ~ t d do not have any 

cuta imposed. 

Comparison of the 100 GeV/c K"-p pseudorapidity 

distribution of this experirnont (&olid lines) with 

tho rapidity distribution in a bubble cht1r,1bt1r 

IV-14 

IV-15 

IV-16 

IV-17 

IV-18 

IV-19 

IV-20 

.. 
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experiment, Reference 45. The bubble chamber 

results (dashed lines) hnve no cuta imposed. 

Comparison of 200 CeV/c proton-Emulsion pseudorapid1ty 

distributions. Tho solid lines are from this exper-

imcnt and the dashed lines are from Reference 48. 

Saine as IV-14 but for 200 GoV/c 11--Emulsion 

interactions. 

~veragc charged multiplicities in proton-nucleu• 

interactions. The solid lines are the best linear 

fits to <n> versus v. 

v-dependence of tho pscudorapidity distribution• in 

SO GoV/c 11•-nucloue inter~ctionB. Nota that the 

increase in multiplicity is confined to the 

region n<J.S. 

v-dependcnco of tho p6cudorapidity distributions in 

100 CeV/c 11•-nuclcus interactions. Note that the 

increase in mul~iplicity is confined to the 

region ri<4, 

v~dependcnce of tho pscudoropidity distribution• in 

200 GeV/c 11--nucleus interactions. Note that the 

increa5e in multiplicity is confined to the 

region n<S, 

Best linear fits to RA versus v in SO and 100 

CeV/c hadron-nucleus interactions. Typical error• 

on the titted values of RA are ahovn. 
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lV-22 

IV-23 

IV-24 

IV-25 

IV-26 

IV-27 

IV-28 
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Comparison of the 50 GeV/c proton, kaon and pion 

pseudorapidity distributions for v•2. Typicul 

errors aro sho~~. 

co~rari~on of the 100 GeV/c proton, kaon and pion 

pseudorapidity dletributiona for ~-2. Typical 

errors arc sho~n. 

CornpariGon of the 200 GcV/c proton and pion pscudo

rapldity distributions for vm2. Thero waa no kaon 

data at this beam mo~entum. Typical errors are 

shown, 

RA versus b0am energy. in proton-Emulsion inter

actions. Results of other experiments (•) aro from 

References 26, 49 and 54. 

Best linear fits to RA versus v for 50, 100 and 200 

GeV/c proton- and pion-nucleus inter.:ictions. 

Typical c1·rorn on the fit.tcd valuca of nJ\ i:u:c ohown. 

Average charged multiplicitieo in n-Carbon and 

p-E:Tlulaion interactions as a function of beam energy, 

ReGults of other cxpcrimentc arc from References 

25, 26, 27, 49, 54, 55, 56 an<.l 57. 

Energy dependence of the pseudorapidity distribu

tions for ~-2 in proton-nucleuo interactions. Note 

tha~ the increase in multiplicity is mainly in tho 

region of higher pscudorapidity. 

Energy dcpor.dcnco of tpo p6cudfrapidity diatribu-

IV-29 

.. 

86 

tions for ~nJ in pion-nucleus interactio~s. Note 

that the i.~..:rcaso in r:i\\l.tiplicity is rr.ainly in the 

region of ~.i9hcr. pscuciorapidity. 

p scudor<:ipidi ty dist ::-ib·J tions of t~c ,-.rocon data for 

~~) at SO, 100 and 200 GcV. The corresponding 

pseudora?irlity distribution~ fro~ a ~ydrogcn target 

have been fiUbtractcd. The excess r .. ul.ti1il';.;i1.;· ;<e .'CS 

to rcgiona of higher. pscudorapidity us the bcaPc 

energy increaDcs. This rate is a?2roxi~ately the 

ourno· ao that of the kinc;;-.atic limit on r<.;;~G.ity. 
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T!\F!LE IV-l T!\IlLE IV-2 

Targets Used in tho Second Part of This Experiment Pscudorapidity Coverage in the 3 Geometrics 

Range of Tl 6ri 

Position 11 T11roct 
--~ 

Number of Thicknesses 
Atomic Number Available 

H hodoscope -0.38 to l. 31 1.69 
Ring hodcscope 1 l. 47 to 2. l 7 o. 70 9 3 ll'crjll ium 

Rin<J ho<lo scope 2 2.30 to 3.06 0.76 
rtin7 hodoscope J 3.20 to ) . 96 . 0.76 
C count.er 4.06 to 1.00• 2.94 

12 5 

•14" 3 po lyethylene 

alwnlnum 27 s 
titanium 49 2 

Position 21 

II hodoncopc -0.67 to 0.68 1.35 
Ring hocloscopc 1 l.15 to l. Bl 0.66 64 J 

Ring hodoscope 2 2.16 to 2.92 o. 76 
Ring hodoscope 3 3.14 to J.91 0.77 
C counter 5.28 to 1.00• 1. 72 

96 4 

106 5 

CIOJ. }' bd~nUlll 

i.i1ver 

tungsten 184 2 

leud 207 5 
Position 31 

II hodo:icopc O.S6 to 2.39 l. 83 
rtin9 hodo5copo 1 2.14 to 2.87 0.73 238 . 5 t:ra.1!.U. i1 

Ring hodoscope 2 2.6S to 3,41 0.7& 
Ring hodoocope 3 j, 35 to 4.12 o. 77 
C counter 4.lS to 1.00• 2. as 

2 el!lu lo ion 

*n?1.o ia the region covered by the VJ counter. See text. 
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TJ\BL!; IV-3 TAJ:! LE I V-4 

Swnmnry of 1Wil ilablc Data 

Position l Position 2 Position 3 Mo•ncntum Polarit::X: p( p ) K+(K-) + -
!_i::_J_ 

50 CeV/c + • x x 50 G~V/c + 14.6:!:.21 2.60!.oa s2.a:!:.21 

K+ x x 100 GcV/c + JG.9!.u 3. n:::. 02' ')~1 .J:!:.l.\ 

p x x 200 GcV/c ., ~8.6:!:.3'1. )J .~~.i.~ 

100 GeV/c + 
11 x x · x 200 CoV/o ·,,47:;::10' 92.s:.2' 
K+ x x x 

p x x .. 
200 GeV/c + 

1! x x x 

K+ 

p x x x 

200 GeV/c • x x 

-}( 

p 

r 
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TABLE IV-5 (a) Tl\BLE IV-S(b) 

50 f.EV/C P'\(1fl'PI Mt ;:.. Tl l'llC I Tl ES 50 liF.VIC ~ROTON HULTIPLIC!llES 

~u r ·'~ 1-'SEUl : \l~llPI Ul T\' P.ll'llC.[ NU fii\K PSCllDlJRhPI 111 TY. RMJC.E 

-o. rn t .47 z .10 3. t 'I 4,06 -0.6 7 I. I 6 2 .1 7 3 .14 ~.Z'l 

l.J<t l. 20 3. 0 7 3.97 1.00 ' .' 0 .12 l .1 4 ~ 2.14 l.?2 1.00 

l • 1)0 0.9/l l. 74 1.06 0. ')\ o. 'I} 1.00 -o .1 7 0.'1<1 n.1>1 1.n O.i''I 
~.l'ln fJ ... ' 0. ,~ 5 0.73 0. l 7 Q.(19 o.uo O.Jl 0.111 0.20 0.2() 0.04 

i.) 0 1.11 I .011 I. '14 0 • ')') (I ,')Q I. '.JO 0.1, A 0 .'17 1.!">1 l , 0 I (,. z., 
IJ. 'l I i) ,\I I 0 .(.8 n. o? 0 .07 0 .01, 0.01 O.Otl 0.01 (J • O'I o.<Jb o.o I 

2.:;o 2.~o 1. 1 l 1.112 I .15 (J.'10 2.50 1.23 1.67 1. 86 1. I fl 0.30 
0.01 0.22 0.11, 0.14 0.09 0. l 7 0.02 0.15 O. ll 0.13 0.09 0 .10 

z. ' /'.j -' .1) z.12 1.11 ·1 .o~ 0.97 , ) • (11 2.01 2.40 1.0?. 1. n o.?S 
0 .u) 0 .2 8 0. l !! . 0 .1 b o.o'l !J. I 0 o.o" o.zc. o.zc. 0.19 0.11 0.01 

~ • ., l ,, • 2 l z.st. I, Hll 0 ,H'I o. ti~ 
o. 01, Q,t,4 o.z 7 0.19 0 .Ii) Oo lb 
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TADLE IV-S(c) TABLF 1V-5(d} 

101) C..f V/C l'~OTO'I Hull I>' LI (I r IE s 100 GEY/C PRO fO~l MULTll'LICll'.E5 

'Ill ~ hft l 1 S~lJl'll'\hPI fll TY l<MIGE NU ()llft P5l \Jl/Ul (llPIDI fY RM;GE 

-0,)b I.'• 7 ? • :rn 3, 1 'I 4.U6 -0. lr7 1.1 1. 2 • l ., j. l 4 . ~. 2·1 
l,H 2.10 ),07 J. '11 1.00 (). 7 2 l. fl'> 2. ')1, 3. 'l2 ·1. uO 

I'M, 0. 5'> 0 .11S l. 27. I , l 4 1. 5l l . rJ () 0 .(i't 1;. 1.4 l • j 7 l . 2 tj 0. 'j5 
0 ,0·) 0. i 5 0.1 7 0. l q 0 .16 (). 2 5 1).1)0 0 .12 o. l 6 0.21 0, l'l (). l 4 

1. )/ 0.12 l • l 7 l. ')J l. )6 1. /6 l. 5() 0 .4 ') 0. ~, l l. (,l) I • '• 0 c; . 1, n 
0,IJ 1 O.OJ 0, ll) 0,04 o.oi, 0.01. o.o 1 o.oz o. ' Jj (J,04 O.OJ (J.02 

I• Sr i 1.10 I ,?0 1. 51, 1.11 I • (, 3 7.~o t. l 0 1. 77 2. 7 ~ 1. 71J u.~o 

0 ,I) I 0, Oi' 0 .112 (), 1)2 0. 02 0 , () 2 0, 1)1. o. l 2 o. JI, 0.1 1• 0.12 ().QI, 

l. ·11 l .b'• I.~ l I.')) 1. •,7 l, /IH 3. 6 I L • . 10 2. /I, 2. (,(, I .Ill (). '>5 
0, ,) I ('1,()4 (). 04 0, U4 O,U4 J .u11 0.04 O.O•l 0 . 14 ll. l l 0.01 o. 0'> 

7 • ., () 2 .?t. 1. 97 ?. • 06 I•~> l. 24 3. 76 2 .1.2 2, /l l ;>.()fl I • 'J2 (). 4 ii 
0. 0 l 0.11 0 ,OIJ 0. l 0 0.011 O. l(, o.o~ 0.14 0. 2 3 (J. 16 0 .10 0.01 

2 • '· ~ 2 .4 l 2.07 2 • 2 4 1 .1, 7 2 .10 
(). 0 l 0.10 O. I Cl n.10 O.OH 0.10 

2. 11 •j J.20 2. 1'I 2.~2 l .110 l • 'l I 
0. 0} 0.1 (J o. (11) o. ()9 0 ,(J6 O,O•J 

J, 1, I t, •I•, 2.n& 2. '>') l.1l 1. 64 
(1,04 0.12 ll. 1 1 0.09 0.01, Q,09 

j. 7 /; ",61J },/4 2. 60 1 • "(fl l. 89 
o.O!J 0. 24 0.;!0 O.IS Cl .10 !l, I rl 

f ,. 
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TABLE IV-S(e) TABLE IV-5(!) 

100 Gt'V/C P:i.OTO"' l'IULT I PUC 111 ES 200 GEV/C PROTON HULTIPLICITIES 

~u rit.~ ~· S EUU0 1H1? ID t TY R~Nl.E NU llhR PSEUUORAP!OIT'f RANr.E 

(.,. 51> 7.. l) 2.65 2.35 't-16 -0,)A l. 4 7 2.30 '.I• l '1 4,Q(, 
2.35 ;>.~o ).42 ".13 7.00 l • 3 1t 2.20 J.07 3,97 r. oo 

1.00 .1. 76 1. ·1e, 1. 4l } • ~4 z,z1 1.00 0.22· 0. (,(, 1. l 3 1 • 2 1 l.54 
o.oo 0.111 0.41 0. 4'7 O.H 0.21 o.oo 0.12 . 0. l J 0. I(, 0 .I 7 0.30 

1..l 7 l.67 I. 5 2 1 o (o 6 I. JO 1. ';4 1. J7 0 .112 1. (l,? 1.s2 1, ~ l 2.78 
0.() I 0.11 o.oe 0.09 0 .O'I a.oz 0.01 0 .o) 0.03 0.04 0.04 O.C4 

1.'3<1 z. ~t. 1. 4 z 1.60 I, 2' 1. 'tl l.'iO ' 1.06 1. 21 1.10 1.65 2.87 
0 .o I 0.1 '> 0.10 0.13 0 .Oil o.oo 0.01 0.01 0.02 0.02 0 .()7. 0.03 

z.19 ". 'jJ 2 ,·2 T 2.15 l.38 t.57 1.n l. 1.5 1. 61 2.05 l.96 3. 17 
c.02 0. 4'j o.n 0.21 0. I 'J o.otJ 0.01 0.04 0.05 0.05 (1, 05 o.os 

lo';f) 4,4(, 7, I 4 7. .01 I • 5 7 I, (,4 7. 2'1 I. 0 4 l • 7'1 2.n 1.•n 3. 71 
0 ,(I l 0.4j o.zs 0.24 ,, • l" (). fl't o.o ?. 0. l 2 0.11 0. l 4 0 .12 u. 12 

2. 'I'> 5,53 2.41 2·2A l.'.">11 lo 72 2.50 2.J4 2. lJ) "/. 4 z 2. 72 3.)9 
r .o J 0 ,4 2 0.24 0.21 0 .I & 0.02 ' ' 0.02 0. 15 0.13 0 .1 11 0 o l'• o. Ht 

3.61 6 .Ao l 2,46 2.26 l.4b l. bO 2. 4 'i 2.1 'f I. 'l3 2. 2 'j 2.01 J.25 
Q.l)4 0.67. 0.11 0.29 0.20 0.03 o. 0 1 0.0'.l 0.1 z 0.10 () .os O.CJA 

J.76 ".60 2.11 2 • .,z 1.1>0 l.71 
.1 

2. u1• Z. 6Z 2.1K 2.47 2 .7.4 ) • z (, 
0.05 o.e1 0,(i9 o. )4 0.20 o.oo I), 0) 0.22 0.2 1• o.n 0.17 o. 70 

2 ,')" 2. 12 2.29 2,54 2 .. ~o 2. 47 
o. rn O. 1) O, I U 0 .1 (, !1.12 O, \., 

3. f,7. 3.90 2. 1• l ),03 7.21 ) • 'll 
o. 04 0 .1) 0,)0 0.27 o.n I). 0' 
3. b I 4. 21. 3.\2 3. l 0 2 ... 7 ) ... 5 
o.olt 0.12 Oollt 0. 11 0.011 11. l) 

3.7t. 4,71 3.49 '3.)2 2.59 3.25 
o.os 0.11 0.16 0 el 4 O. ll o.1e 
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TABLE IV•S(g) TADLE lV-S(h) 

200 (,EV/C l'f1.0HJr1 HULT I PLI CIT I c S 200 GF.V/C PROTON MULTIPLl~l1IES 

NU llA~ PS( 11;-)0~ 11 t' ! 0 l TY f\ANGE NU BllR PS~lHlO~M'llJlTY P. A'IC,( 

-o ·'· 7 l. l 6 2 .1 7 3. 14 ~. 2'J 0. ')(, 2. Ii '. 1,5 ?. • )"j ". l ~ 
o. 7? l. A~ 2. '14 3.'JZ 1.on 2,:>5 7.90 3.42 4.13 7. (j(J 

[.(11) O. l fl 0. 1 ~ I. 11 I • 4 /, (J. 'I 7 1. no 2. 14 l • 2 5 l. 111 l. 11 I• '.>O 
C,, ' lO 0 .11 0. 111 0. 2 l 0 .19 U.11> 0 ,OCJ 0.41 0. 2 11 0 . 3(l ().? 0 .o. 09 

I .~u 0. 4<; ('.'ll l. h l 1.1.5 0. R'J l. 3 1 2. Jfi l • 17 l.65 1 .';..':,. 2.s2 
('. T) l Q.07 0. ()) I). 04 n.01, 0 .• OJ 0,1) l 0.0'.i o .r,j 0.04 0. IJ4 0. (, 7 

} .. '.10 I. .? 6 l. 7 fJ 2-~5 2 • .?h 0. 'J 3 l. '.)I) 2. 62 l. ~ l l. 71, l. 66 2 .. ~ l 
u. 02 o.rJ1, n. 11 0 .14 I) .10 0.06 u .u l 0.01 (l. 06 I). () b 0. 06 0.0) 

i. 'J'> l ·" l 2.01 2. 61 2.32 0. 'I'> l. '17 . ) • 4 r, l. I! R '. l 2 l . P, •J 2. 1'8 
0.1)} 0.011 (). 15 0. 14 0.10 <.i. Ob 0. 0 1 O. l 0 0.(1'1 (>,Oil 0.07 0.11 

). t,j 2.40 2. ')~ 3.12 2.54 l. 07 2 "' u 
,., "/O 2. 1 1 2 . 1,<) 2. l ~ 2 •II 1t 

0.04 u .1)') 0.20 0.16 0.11 0.06 0 .02 0. ls o. 11 0. 10 o._011 0 •. :. 

2. '} ~ 5 .'> l 2. 1.0 2. /.;/.; 2. 1 !, :i.r.:i 
O.OJ 0. l 7 0.14 0. 11 0. Lil c,. 12 

3. f, l 6. n 2 3. r,1, /. , 119 2. ?'l "!,()') 

0 .04 0,)1 0.26 0. 2 0 0.1~ () . 01, 

3.76 7 .16 7. • 'l I 2. <)1, 2. ':.? 3.07 
0.05 0 .2 6 0. l CJ o. i:> ;) . l: 0.17 



-
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T.l\BLE IV-S (i) 

no CF.VIC ArlT 1-VlOTOll l'ULT IPL !CIT lfS 

r1u hll;{ PSfllilOAAPIOl TY r\MIGF. 

-o. 3'l l • '• 7 2. JO '.1 q 4.06 
l .H 2 .;-o 3.07 J.'1 r 7 .O•J 

I. .11 0. ·1~ I • •l'J l .t,r, I• '•4 3. l il 
C' . r I ~. 3'• 0. , ,, (I .1.4 0 .41, 0. 05 

i .r;o 0.')•J i .no l. <.7 l .~ o 2.'J I 
0. () l Q.16 0.13 0.18 () .ltl c. )fl 

1 • '1 l 1. 02 I. (1? l • 'u l .'.''• 3. 70 
0 .i'1 0. 4& 0.35 [) ' '· 7 0 ·'• 7 (). 20 

7. ',(I Z.Hl ? • 71 3. l,IJ I .61 . 2 .?2 
o .. iz 1 • 10 l .?? l. 41 0 .<J(> 0 . 54 

7. , ., } .64 } • '• z 3.71 Z.b~ } · '·~ 
n. 11 J l .'•O 1. ;>O I. 22 0 , '! 6 0.23 

; .6 l 3.1 7 2.~2 z .10 I.! 5 ~ . (l ' / 

o. ~J '• I.'• l i. 04 1. 00 J.62 l.47 

3. 7'1 6.21 Z.68 . l • 37 z.~1 2. '] l 
o .• o) 2 .'13 l. 79 l. 7't l • J 1 l. ~'· 

• 1 

200 Cl:V/C 

NU f\AR 

1. ~ 0 
0.01 

z. 5 0 
o.oz 

2. <J5 
o.o; 

3.61 
0.04 

-

j 

' 
100 

TABLE IV-S(j) 

ANT 1-P~OTOl-l MU LT n• L I C l T I E S 

PSFUllllRAP!OI TY f\AIJGE 

-o .(,7 l. 16 2. l 7 3 .14 
0.12 1.115 2.'14 3.97 

1.01 o. 11 l • 11? l. ~I> 
0.7.0 0. I 0 0. 7 u 0.29 

o.n \.'J') l • 7 P, 7-. ">l 
o. qr o. 79 l. 0 I 1 .()) 

Z,13 Z.30 ).0) z.11 
0,75 o.e:; l. 05 O.tlB 

),44 ),bt, 4.01 z. )fl 
0.75 0.91 0.97 OobB 

~.zq 

T .00 

1.1? 
0./9 

o. '11 
0 .10 

l. l 'S 
o.~o 

l .'ilb 
O.H 

.. 
' 
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ThBLE IV-S(k) TJ\DLE IV-5 (l) 

50 GF.l//C K-PLUS MULTI PL! CIT l ES 50 r;r; VIC !<-PLUS KU L 1 IP Ll C ! T I E 5 

~u ilA.R PS[UGORhPI IJI TY RAllGE ~lU Cll\R PSE llllfJR Al'I DI TY fl 11tiGE 

-a. 3 o l •'' 7 2. 1(\ Ll9 11,0IJ -o. 6 / l. l6 i?. I 1 3. 1 '• ~. i?'J 
l. 3~ 7.20 3.07 3.97 1.00 o. 72. 1. /JS c. '14 3. 9?. 1. 00 

1.1'1 tl. B ) o. :JO 1. 2 Ii l • I)'• 1.01, l. l 'J IJ.37 1.1<. l. l,j I• ?t. u. :n 
0,0( (). 7 ') 0.21 o.2a 0 .2t 0,19 o. 02 o. tu 0.1 'l 0.26 n.21 0.01 

I.,, z. J') l.? A I. 7'> I • )f, l." 0 l.,, 0,9'1 l • I, 1 I. 62 l • 1.s 0. I, 5 
0,0<, Q,60 0. )(, 0. 4 0 o.3o 0. 52 0.04 0,33 1. 3 2 (). 34 0.21 o. :n 

1.'lrl Z, IJI) l. 3 ,J 1.n l . 1 ~ \ ,6 '• ~.30 l ,') l i?. l ~ I .Ill l. 3 0 0.42 
().I)~ (J,tJ '1 o. 4 l 0.42 o. ~ u 0. ':>5 o. 011 0,61 0. 6~ 0,53 0 .34 0.20 

i?" c }.01 l. / 6 l,U7 l. ll 1.:n 
o.ou 1. 11 0,64 0,56 o. )'.i 0.34 

r 
,,,.,,,..- .......... 
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• TADLE IV-S(m) T1\DLE IV-S(n) 

too CFV/t K-PLUS MULTIPLICITIES 100 CEV/t K-PLUS Miil Tlt>LIC.IT IES 

WI !!AR PSfUO(JRAPJDITY RANGE NU flh~ PSEUDORAPIOITY RAr1GE 

-o .18 1. 1• 7 2.30 3,1q 4,06 -o.61 1 • lo 2 .17 '.14 5.2'1 
l • 3" 2.70 3.07 3 ,'17 1.00 o. u. l. ns 2.14 ),'JZ 1.00 

1.i n 0.11 0, Mft 1.22 l • l 'l 1.90 l. l '1 0. 1.i 0. (, z I. I? I .OU 0.'d 
0.02 I)• l IJ 0,IJH 0.11 0. 11 0. Z'J 0.02 O.OA 0.07 0 .11 0.10 o. IO 

• ~ . J ".''0 U. 'HJ l. 2 (J I• 30 2.06 1.15 0. (,4 0.11> 1 '~,4 I • 3& o. 70 
o. f'l2 o. ry, o.o .. 0. 06 0.06 0 ol I 0.04 0.16 o. Hl o. )'l 0 ,35 0 .04 

I•~ l I • 3 fl l. IJ6 l. 4 7 I. 2'• ;z. z 5 2.;o 2 .o3 t.56 I, q7 l.64 0.38 
0. 02 0 .1 J U,0'1 o. J l 0 .10 0.24 o.oa 0.21 0.24 (1. 2 5 0.20 0.1-1 

I. 7 '> I • •; 7 l. "/? l • 75 l • 4 f, l • u 3 2. 311 1,9(, z.01 2.00 1.u1 0.11 

Cl."" o. )7 "'. 2rl 0 .2<J 0 . . ?ft u.& 1, 0.09 0.42 0.42 0.30 0.12 o.~5 

I, r •. 2.cn I. 75 l. 76 l. &5 2. SS 
o.ris 1).)5 0.2 5 0, 2 A 0.2) (;. 41 

l, 18 2 • .,, 1. 7q Z.0) l. 5'• l ,<J7 
o.o'> O,J\ 0. ~ l 0.21 0 .17 0' )6 

z. ·':) 3 .<J6 2.05 2.15 l. 78 2. l) 
0 ,l)tl Q,)7 0.2; 0. 2 3 0.17 o. J6 

l. Hi 4.0t 2.~4 2. Ii I 1 • 5 7 1.54 
0,09 o.n o.i.z o .i.o ~.29 0.69 
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TAD LE IV-5 (o) 
TABLE IV-S(p) 

50 G".V/C Pl-PLUS 1".ULTIPLIC!T!ES 50 C.EV/C Pl-PLUS MlJL T 1PL1ClT1 ES 

NU ti Art PS(U[101..\P l Di rv Rh Nf, E NU flllR PSElli"lO>{Afll Ill TY Rt.11r.c: 

-C.38 l .4 7 2. 10 3 .19 4.06 -0,67 1. l 6 2. l 7 "3 .14 ~.29 

I, 34 2.20 J.07 3. ')7 7.00 0.72 1. ;) 5 z. ')4 3. 92 7 .oo 

1.00 (l,fjl. l. 2 ') l. 74 J • •,4 0,'19 l. no 0. l) 0. 15 l • 4 (, l. 2 6 (;. J?. 
o.oo o.n o.n 0. I I 0.74 (J, 29 0 .tlO 0. 16 0. J 9 0. 2·1 (). 2t) o.uJ 

1. l& 1.00 t. IJ5 I. JS J • l '• l. 0 ~ .. )/, 0. 4 fl ,_; . ') J J.q 1.J'j 0. 2 5 
0.0<'. 0.04 0.04 0.05 o.o~ 0.01 0.02 0.0) 0. 04 0. ()~ 0.05 0. (J l 

2, l 4 2.20 l .64 l. 78 I. 30 l • 1 3 2. l '• l. " B \. '• R l • I\ 3 l . 2'1 0. 3t, 
0 ,(J4 0.0') O.Oil O.OIJ U .Ob 0, U'J 0.04 0.06 (J. 01 o. oA 0.06 o.os 

2 • '· f1 2.~~ l. 7 4 I. RO I • I 'l 1.1 1• 2. CJ6 ?. . e·, 2. 15 I • 'l6 l. 2 I 0.32 
Cl.Ob 0.11 0.10 O.Oil o.os Q,O!J 0.09 0.10 o.: 9 O_. lO C .O& 0.01 

2 . ·lb ).51 l .r'J} J. ~/) J • l '.i l. l l 
0.09 0 .11 0. l 6 0 .10 0.01 0.02 

.. 

t 
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Tl\BU: IV-S(q) TAD LE IV-5 (r) 

100 GCV/C Pl-PLUS n11L r j PLICI TlfS 100 r.r:vtc Pl-PLUS MUUlPLlC!TlES 

.... :; 11\R PSEU ,lOl<Af'lul TY RflNf.F. NU IJ.\R · PH\JIJOHl\P Jr, I TY lltdlGE 
'.\:.-·;. 

-CJ. )tl 1. 4 r Z.30 3. l? 4.06 ~0.1,1 I l. 16 7 .17 3. 14 ~. 2'1 
l. ,4 z.zo 3.07 3. <Jr 1.00 0.12,.1.us z. ')4 3.92 1.00 

I. fJO 0." 3 O.?n :.n 1. 41 2. 21 . 1.no 0.111 o.75 lo 4 0 l. SI o. 7Z 
O.O'.) 0 .14 n. l'• 0.11 0.1 •: 0.21 o.oo 0.12 0.13 O. l'J 0.20 0.14 

1.£6 0.'1 11 1.02 1.19 !. )() 1.9 0 1.) ,, 0 .4 0 O.U) l. 47. l • '• 4 v.4., 
O.fl? u.uJ 0.0) 0.03 0.0) 0.06 0.02 0.02 0 .oz 0.04 0.0) o.oz 

l. J6 l.01 1.0(, 1. 4 2 1 • 4 l l . 9 C, 2. l 4 l .07 l. l u 1. !l4 I. 67 0.63 
<J.Q7 O.OJ 0. 02 o.~2 0.02 0. (l} o. 04 0.09 0.10 U. l) 0. l l o.oJ 

I • I IJ \ .40 1. 2 7 I. I,] l. ~4 2.?. I 2.'16 Z.03 ".1 7 2.28 lo74 0.61 
(. oc 2 (). 01 0.0) 0.01 o.u3 0 .os o.o? 0 .o 7 0.11 0.06 o.ou o.o4 

2. 14 I. '7~ I. 61 I. 17 l • ~II ... (,,"' ).07 l. )ti 2.47 2.44 1. tll> o.f,z 
0.0'• 0 .O'l o.n i. o.o~ 0.07 0.1) 0.10 0.11 0.11 0.12 0.09 o.oe. 

2 .17 2 .1r. 1.r.6 I .'19 I .66 £.49 
0.') .. 0.0'7 o.o? 0.10 0.01 0. l l 

:' .~ ll 7. 611 J,'J(l 2. 0') 1 • 7 'i 2. 26 
'-''(If. n. or 0.11(> 0.06 o.os o. 09 

2. 'lb 1.J4 :! .16 2.21 l. n 1 1.95 
(;.(Jq (• .O'J Q.09 0.07 1J 'J~ O.Oh 

).'J7 ) • 74 2.1s 2.2? l .!IJ 2<H• 
0.10 0 .1 fl 0. ll 0.11 0.09 0.16 

.. . . 
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T/IBLE IV-S(s) Tl\DLE IV-S(t) 

100 GEV/C Pl.;PLU~ HULT I PLI CITIES 200 GEV/C I' 1-Pl.llS ~'.ll \.T I P LI r: 11 L ES 

NU llAP. PSFlll lOUPIOI TY IUNGE NU [lhl{ PS fU1 ';0,lt.P lul TY RMJSE 

o.~6 ? • 13 2. (> ~ 2,35 4. Lb -o. 311 l • ' · 7 2. 3 J ) • L ') 4. O& 
Z.35 ? ,9() 3,42 4, L 3 7.00 l. 3 1

• 2.LO 3.U7 3. '17 7, Oll 

1.00 1. bu 1.10 l. 2'• L . oo 2.:H I. (JO O. L 6 0. LI o. fl7 O.lL z.os 
n.rJO 0,(,1 0.15 0 ,4 0 0.4L 0, L 'l o.oo 0,42 u. 19 0.21 D. 23 l. 2 9 

l.2u l. )t, L. 39 1. )b I • 40 I. 03 ! • ?& l. () 7 l . () j I. 5 1 I. '.J 3 3.,, '.) 
0.02 0.0'1 0.06 0.07 O.Ob 0.02 u. 02 0 .1 L 0. OIS 0. LI 0. L 2 o.io 

L.11> 2.~& L. )(, L, 1, 3 1 , I, 2 l,F, L. 16 0 .% I. 1l 2 I. 4 8 l .6 L ~.38 

0 .o 2 (). l L o.uH 0.08 0.09 (J. 03 0.0( 0 .0 11 0.03 o . 04 0. 0 5 0.11 

L,'Jll j .411 I.~ L I. &4 l • 5 2 2. n1, I. 70 1. 51 1 " (5 l. 'J2 I. 8A 3. <) ~ 

G.O.l o. )') 0.!8 u. L 7 0.19 o. 0 0 · 0.02 0 . l ! 0 . L 0 0. I 3 0 . I) c. ~') 
.> 

2. L 4 ) • •Jt, l. ') 1 z.rn I • f, 7 2. LI L.'lfi I.I>" l . • 1'• l. " 3 l. (.,~ ... 1)4 
o.n'• u. \I 0. L 7 0. l ~ 0. L 6 O.OL 0. 0.} (), 11' O.?n (J. 3 2 c; . :n 0 . ... , 

l. 4 f\ 4.49 2.0) 7. 02 L • b 7 . t.29 2 . L4 L. L 6 l. "/4 2. L l ? .O) ". 5 ·c 
0,(11, (). 2 fl 0, I 7 (J. lb O. l) 0. l ~ o. (14 o . 4 '• 0 . 'll 0 . 3U o. ,,, l. 0 7 

2. '-lb 4.t,0 l. t!2 I. U2 I. 1,5 L, L 7 2. 12 2 .3 6 l. I'. 6 2.24 2. 11 4. 11 
(), 0 1 0.40 0.23 0. l 8 0 .15 o. 00 fl. fl'.) o. 2'l o.24 0.76 0 . 2'• 0 .14 

) • 0., 5.~ .. 2. l 7 <:, l) I .t.'J 2. 34 2 • '• 0 2.42 l , r/'J 2. 22 2 . 74 4. J 0 
0.10 0. 'j 'J 0,2/l 0.26 0.72 0.04 0. " 6 C'.£ ) 1j 0.50 0. 5 2 0. '.>I G. 0tl 

2. ,, u 2. Jl l. 77 2 . 32 l . 6 7 3. ~ 4 

0 . ()/, 0. 3 '1 u. ~() (;, "jl, li. ;>'I ' 0.) •, 

2. r,1, 2. 71 2. 0 3 2. {, q ?.n "· ·,(l 
0 . 0•1 0 . J6 (;.(,0 o. (, 3 0 .57 o.i. 1 

2 . 01, J. (,') 2. 5'1 2 . ~ l 2.26 3. 7 ') 
0. 0') 0 . 1 1 0 ,2( 0.£2 0 .1 ll Q, ~ u 

3.07 3. ')7 ) • l 2 ;_ • 79 2.64 ' · . ~ 2 
0.10 0.47 o. 34 0.)l 0.27 0.1.4 

r 
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T.!lJlU: IV-S(u) 

7-0CJ r.EV IC P!-PLUS P.ULTll'LICITIES 

lj\J U.\11. PSEurlURAPllJI TY RAllG~ 

-0.1-1 1.16 2, 17 3 .1 1• 5. 7.? 0., 2 1.3: 2.94 1. 9( 1.00 

1.0n -0.1 <; O,JC O.<JO l . ; ~ -Ci.04 
o.oo G.43 0. l 7 0.31 0. 3 2 0. Tl 

1.36 Q,44 (),fib l .'i;> 1 • 61 . I. 13 
0.02 Q,()(j O.Db 0 .10 0.11 0.12 

2 .1 1 .. i .. o 1 1.3? 7.04 2. lfl 1.25 
0.0 1• 0. 11 0.18 0.22 0.23 0. 21 

;> .4A lo4? 1.00 2.36 2.0'l 1.21 
Q,()b o.n O.H> 0.42 0.37 ' ·0.21 

.2 .?6 1.94, l. 77 1.66 1.ez 1 • 1., 
o.o~ Q.25 0 .2 5 o.21t 0.22 0.22 

- ...... -

200 GC:V/C 

. NU BflR 

l. 'JO 
o.oo 

1. 2 6 
0 .o 2 

1.16 
0.02 

1.10 
0 .02 

2. 14 
0.04 

... 2. '• u 
0.06 

2.?6 
O,O'I 

3.07 
0.10 

--

.I I 
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TABLE IV-S(v) 

I' 1-PLIJS MULTIPLICITIES 

PSEllDORAPIOI TY RANr.E 

o.s6 2.13 2.b5 2.15 
2.35 2 .'JO 3.42 4.13 

2 .110 0.71 l. 7 5 1 • 4 8 
1. 3'l o. 19 0 • '· 3 0 ·'•l 

2.21 1.34 1 • '• 7 1.52 
Ool fl 0.10 0.11 0 .12 

2 .)~ l.3R 1. 5q 1. c; 0 
0.23 0 .13 c. l 5 0.15 

1.10 l .62 1. qo l.7b 
0.30 0.17 O, l B O.lR 

4. 06 2.05 2.02 l. 84 
0.43 0.22 0.22 0.20 

5 .1 ti 2. 22 z. 70 l.'H 
0.4fl 0.23 0. 2 3 0 .21 

b. ~l 2 ,6"/ ) • 1 7 2.01 
O.litl 0 ,44, 0,4,3 0 .1 .. 

(>,95 2 .ao J. )7 2.10 
0.15 o.)) o.34 0.21 

.... 16 
7.00 

2. 72 
o. b4 

3. 11 
0.21> 

3.25 
o.1q 

3. ?.7 

0 ·'· 2 

3. e" 
0.47 

3, U'l 
0.'15 

), ll) 

"· oq 

1.112 
O. ClO 

.. . 
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TAD Lt IV-5(w) TA!J LE IV-5 (x) 

200 GEV/C Pl-HI NUS MULTlPLlC!TlFS 200 G(V/r Pl-MINUS 11\JLT!PL ICI TIES 

llU l· \It P5[U[l 0Rhf• I OJ TY Rl.~IG( NU 1\1\Q. P$lll [)O:'<J\P I 01 rY ?.A~GE 

-(l. )0 1. 1.1 2 . :: o 3. J 'l 4. no -o. (, i 1.1(, 2. l 7 ·1. I'• 5. 2) 
I' J<, 7.20 j,Q7 °j o CJ/ 7.uO (). 7?. l . 11'> 7. 14 l. 'l2 7.00 

1.00 o.~4 0 .<Jb l • 2 8 i .1,1, J. '>5 I, I)() (\. ! 5 0•~I1 o .·io 0. ')) '. og o.1io 0.12 o.u Ool 5 0.1& 0,j4 O, IJC a. I 0 0.11 a. 15 IJ. 11 J, lu 

J .2& a. e'· a.1> lo' s l. 49 J, I A I. 36 0 . ,, , a . 1: l I. '·l> 1.1.1 l. 06 
o .o;: G . 03 (I . ;)4 o. or, 0.06 o.o l 0.02 o. u2 0 .Ill. (,. ()3 ().cl G. 0 l 

I • 1 i. 0 . •14 j. (J l I· '•2 1. ',Q l.11 
2 . l '· 0 .'Jl I. 17 1 .. 0 7 I. ·19 l () 7 

0. "2 lJ.l)l <J.lll (J. ;; 2 0. (J2 l). (JJ 0. \)4 (), \ 0 (). l 0 a. l 0 0.12 i, . Gt! 

l. 10 I ,4 4 l. 3 7 l. 7q I, 76 ,;. 4 8 
2 • '· 0 I, 1 3 l.6 l 2. lb 2.02 l. l 2 

0.02 u. r.i. O.O't o.os a.o5 0.05 a.Ob o. (Jl> 0.11 0.11 o. 0 '} o.oo 

2. t 4 7. l<'.. l. (, H 2. l '· ".u u 3." n 2.% l. 91 2.10 2.53 2.12 1. 1 8 
a. r, 4 ()," o. l l (I. I 2 n. 12 lJ.? l a. a'l 0.06 0. l l a.09 a.o& a.GS 

2 ·'· lj 2.~& l. ll U 2.20 1. ·111 ) • h'' 
a.I)& 0. 11 0. 12 Ool 1 0.01 a. I 7 

2. 'lb '\ ,/,! 2.s2 2. ) 4 2.2& 3. 70 
0.0? 0.11 o. 12 (J,09 o.oA o. 14 

L07 4 ,;>O 2. il 2 2 . 110 2 ,43 4. (\0 
a.to 0.22 a. 2 0 0, 17 a. 1 ~ o.al 

,. 



TAilLE lV-6 (.a) 

lllA. T IPl'IC Jr IF 5 I~ ~q ur ~~ -...un £ .;!> l•rtHCTlu><S AT 'o r.E v1;. 

II.I .... PS E\..;(,1 (Ml P IOlTT A. .l ~~ E llv ~lJ\. T 

O.H -J . J r. o . '>~ O.?l l .l~ l . ~;~ l . ~ s ~ .. l b J. G ~ ) . ) . •.O• 5.15 

c . l11 o. sb 0 . '~ 1- 30 l. q•J z . t.' '5 ; • 7() ~-0~ ). ·1s1 .. _ 0~ < ,. -.01 
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T1\13Lt. IV-8 

Summary of 1\vcrage Charged Multiplicities 

&?'I.Ill Energy Target 

50 G(Y I! 
c 

Cu 
Pb 

100 GeV II 
c 

C·.l 
Pb 

u 

200 CeV .I 
c 

Cu 
/\g 
Pb 

:co cev H"'"' 
c 

C•J 
/\g 
Pb 

p 

s.2 4: .21 
G.40:.23 
9.27.!:.43 

11.6 7: . 57 

6.24±.lli 
7.72 = .1 6 

11.00.!: .32 
14.7 5.'.: . JB 
15.94 : . so 

6.94±.20 
9.34±.18 

14. 0l:!: .3'1 
14.9 5:!: . :: 4 
18.47±.40 

p 

7.41:!:.GG 
9. 19:!:. )'; 

13. 49:!:'>. 2 :; 
i1.n:!:2 . 12 
16.04±2.83 

<n> 
K+ 

S. 02±.56 
6.Jl±.52 
9. 7G~ l.4S 

11. 3 S:!: l. 29 

6.0 J!,30 
6. 92:': .33 
0.0 9.!:l.10 

12. 92 :!:.79 
12. 93!:1. 33 

•. 

TT+ 

5,77±.20 
6.5 4±.10 
9.7 6.!: .Jo 

ll.2 G!.J6 

6.91±.10 
7. 0G:!: .15 

10 .29~ . 26 
13. 2L. . JO 
14. r.7±:,39 

7.7 7!. .30 
9, ~ 3± .2 7 

13. 61±.77 
14.Jl±.70 
16.17.!:. 61 

II 

7.61±.33 
9,99±,29 

12.60!.52 
13.86±,49 
16.311.o 

-· 

' I 
I 

I 
I 
I 
I 

I 
. . 

I 

.I 
I 
I 
I 
I 

I 

'. 

i 
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Tl\BLE IV-9 

Comparison of 1\vcragc Mult iElicities in Hadron-Proton 

Reactions. HBC Refers to H;i:drogen Dubblc Ch.:i.mber. 

Bcom Average ~ultiolic it~ 

so GeV/c proton !!BC a S • .'.1 5!.v. ll 

thia ex pt S.2 4 ±0.27 

100 GeV/o proton this expt 6 .2 •1 !0.16 

ll[)Cb 6.49± 0 .10 

102 GeV/c proton llBCC 6.32.!: 0.0 7 

200 GeV/c proton this expt 6.9,!0.20 

205 GeV/c proton llBCd 7.6 8±0 .07 

50 GoV/c 11+ l!BCc S.0 9!0 .06 

this ex pt S.77±0.20 

50 GcV/c If llDCe 5. 78!0. 04 

100 GcV/c If+ HD Cb 6.B0±0.14 

this e:Kpt 6.91±0.18 

100 ccv/c - IIDC! 6.7 9± 0.08 II 

200 CcV/c 11+ this expt 7.77!0.30 

200 GoV/c -If this C:Kpt 7.6l!0.33 

205 Gov/a If - HBCg e.02!0.12 

100 GeV/a K+ HD Ch 6.G5~0.31 

thil O:Kpt 6.03±0.JO 

- --
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TA!lLE IV-10 

Comoarison of Avcrasc Mu ltiplicities in 
Had::on-E~ulcion Interactions 

Be Ml 

SO CcV/c p 

67 CeV/c p 

100 GcV/c p 

200 GeV/c p 

50 GcV/c + 
11 

60 GcV/c '(+ 

100 GcV/c 11 

200 GcV/c • 
200 CcV/c 

+ 

+ 

<n > 
!i 

8.7 + .la -
9.3 :!: • 211 

9.7 + .2b 

13. 3 + .Jb 

13.6 + .Sc 

13.8 + .2d 

13.8 :!: .2a 

8.6 + .20 -

ll.9 + .ld 

ll. 9 = 2° 

r r 

< n> this ex pt 

8.91 ~ .27 

ll.28 + .22 

13.36 + .25 

9.02 ! .23 

10.4~ + .21 

12.92 + .JO 

12,46 + .37 

Tr"C"get 

H 

c 

Cu 

Pb 

u 

138 

Tll!l!.E IV-11 

fomnari5 on of 100 GeV Pion R~s ults 

From the Two Parts of Th 13 Expe riment 

Av~rage Charged Hulti~licity in 0 < 11~' 

P<.:r t 1 oi thio Par t· ,., nf r.:t i li 
Expcri;r,cnt Ex;:oc:-ir.cnt. 

6 .5~ + • 2 6.&'.> + • 2 -
7 .8S :!: .1 7.31 :!: . 2 

9. '/2 + • l 10.16 + • 3 -
12.4 + .2 ).2 ~- 0 -+ 

ll. 7 :!: • 2 H. 23 ! .4 



-- - - - -

j I 

139 
140 

·' Tl\DTI::~:!l TNlLZ IV-13 

.nesults of Fitting to .RA • r.+bv R Aa Results of Fitting to RA • l 

Beam a b Error on RA x2 Dc<1m Rl • Error on RA x2 

50 G~V/r:: f- 0.51 :!: .07 0.49 + .04 2 .11t, 
50 GcV proton O.B9 ± .04 0.16 ! .Ol 2. 7\ 6 

- 0.3 

100 c ~' ' /c p 0.45 ! .04 0.53 + .02 1. 4\ 0.7 
100 GcV proton O.BB ± .02 0.10 ± .01 1. 3\ 19 

-
200 Gc V/c p 0.39 + .01 0.63 ! ' 02 1. 2\ 1.8 

200 GcV proton 0.92 ! .02 0.10 ! .Ol l. l\ 13 
-

200 C€V/c p I). 4 2 + .16 u. 5'7 + .J.O 1.0\ 
200 GcV on ti-proton 0.93 + .OB 0.16 + .03 7,0\ l.S - 0.7 - -

SC GeV/c ,;+ o. 22 + .23 0.75 · ~ .19 7.Je 0.1 
SO GcV kaon 0.89 ! .OB 0.12 + .03 7 .l\ 2.3 

-
100 GeV/c K+ 0.16 + .12 O.SJ + .10 1 . G\ 0.3 I 

100 Ge V kaon 0.91 ! .04 0.14 + .01 3.6\ 4.6 
- - -

50 GcV/c 'If+ + + 50 GeV t1 
+ + ! 

0.45 .06 0.53 - .04 2.Jl 2.7 
0.89 .03 0.14 .01 l.H 16 

100 GcV/.; ,+ ! 
100 GcV t1 

+ + ! o.so .04 0.40 :!: .OJ 1. 6\ 1.3 
0.87 - .02 0.14 .01 1.7\ 22 

20v <:,,v; c 11+ ! 
zoo GeV t1 

+ + 
0.44 • 07 0.57 :! .04 2. 4\ 0.4 

0.92 .03 o.14 + .01 2.1\ 4.6 

200 GeV 11 - ± 
200 GcV/c • 0.4l ! .07 0.58 ± .04 2.1\ O.l 

0.89 .OJ 0.16 + .01 1.6\ 7 

All p · on;! ~ 0.4J ! .02 0.56 + .Ol l.2, 2.3 
All p 11nd 'I 0.90 + .01 0.16 ± .OOJ o.n 17 
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· FIGURE IV-3 
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FIGURE IV-4 
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FIGURE IV-7 
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FIGURE IV-9 
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FIGURE IV-10 4 
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FIGURE IV-l:Z 
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FIGURE IV-l5 
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FIGURE IV-16 

-

Average Charged Multiplicity in 2/ 
Proton - Nucleus lnreroctlons / ~ 
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FIGURE IV-17 

ii Dependence of 50 GeV rr+ Data 
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FIGU RJ: IV-18 

i7 Dependence of 100 G::JV rr + Dara l 
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FIGURE IV-19 
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FIGURE IV-20 
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FIGURC: IV-21 

Comparison of 50 GeV Proton, Koon 
and Pion Dara for Z7 "2 
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FlGlJRE IV··23 

Comp orison of 200 GeV Proton 
ond Pion Dato for l7 • 2 
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FIGURE IV-25 166 

RA vs Var 50,100 and 200 GeV ~ 

RA Proron-Neurron Interact ions 100 GeV M:>--0 
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FIGURE IV-27 

Energy Dependence of rh e Proton Daro for i7 .. 2 
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FIGURE IV-26 

Enen~y Dependence of rhe Pion Dora for i7 • 3 
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FIGURE IV-29 

Rapidity Distributions of Proton Doto for 'ii• 3 
3 - with Hydrogen Distribut ions subtracted 
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C!l/\PTER V 

COMPA!USO:-< ~.'ITH MO!:lELS 

The discussion here will be focussed on those models 

of hadron interaction that rnako definite predictions about 

• '.I .. 1 ,hadron-l')ucle~s collisions. They include the hyd:roclynamic 1 

and energy flux c.i:; cade modc ln, 7 the two-Circ b.:i ll modcl,lO 

the parton8 and rnultiperipheral models 3 and Reggcon field 

thcory. 9 The last 3 arc ve ry similar in their simplified 

forms and will be discuased together .ia though they were 

iccntical. Tho coherent t~bc rnode1 50 will bo examine d for 

the s.:ik e of co8pa ri son. /\n interest i ng idea due to 

Biarkowski, Chiu and Tow 59 will also be di s cussed. 

above by no mean:i exhausts tho list of all rnodels. GO 

Tho 

It should be emphasized that the discussion will be 

ccnducted almost exclusively at a qualitative and !lOmctimes 

naive level. Only the simplified versions of the models 

will be consid2recl. The discus3ion of tho more s ophioti

cated versions and the fitt ing of their fr ee param~tcrs 

hilvc beer. undertaken by the proponent!:l of these theorie s 

and can be found in the lite rature. Some of the results 

and their references arc contained in Appendices X through 

xv. Until the modelo have been developed further and tho 

data have beco"'e norc precise, such a course of action is 

only marginally inotructivc. 

- · 
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nefore a comparison of the theories with experi:r,ental 

data is undertaken, so~e cautionary remark s a~e in orde r. 

The assumption!:l of so::io t~corics arc ob•:i:i·.sly inv-oJ.lic'. in 

tho energy range of 100 GcV . These assJ~ptions repre ~en t 

the !::.cl ie~, not always founded on soli.C. evicence, of t'"•-' 

aut~ors of these raodels as to what uhould or might hil~~ch in 

th ._; oft-mentioned but ill-deUnecl asy:cptotic encr')Y r.:11~-:;c. 

One 0b· iou3 cx~~ple i3 the flat and constant rapid!ty 

_plateau tha t is ~~~u~cd LO o~ i~t in pro ton-proton i~t cr 

actions. This i!l an in;>u:: to tl1C sim2:.es t v(·t". ion of t: .c 

energy f 111x c.:isc ad.:i rr.odcl, and is an im.1,ed i.d tc result j r. tho 

multipcripheral mode l. llowevcr, there i!> no OJ'.iOuS J?l.ctca. 11 

.even at t he <;ncrgies o: t he CERN Intersecting 

Storage Ring (I Sl) 1 furth ern~re, the height of the central 

hnother example is the energy depend ence o~ t'c 

proton-protun avorasic ;nultiplici.ty. Ii.. is ( .f:\·c r. <H!:ur..cd 

to be given ni mply by cn>•b lns. Dul at 100 GcV, the 

correction to thin formula i9 su b ~tnntial, i.e. 

en>• a+b lns is a ~uch better ~it to thn da~1 and 

not small at 100 GeV.Gl 

Hodcln and t heor ies tend to ideali~e and over-

ls 

~implify situations as indeed they must. !t then beco~c~ 

i:n;:iortant to exa:r:inc the ap;:ilic.:ibility of the[,e idcaliz .::d 

si tua tiono to actual e:<per imcnt.:il condi tio:-is. Tl:c ilyd..:o-
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dyna.,,lc ..11.,;;. cnerg}' flux c11oc11ae model s ass ·;me aome kind of 

~~~ - r~l collision as the norrr. . The be&m p~rticle llnd tho 

t crset nucleon coaleoce into 1 single object which eventunll1 

evolvc3 into tho final state hadrons. The multiperipheral 

l!Y;Jdel and the ti..·o-fireball model nssume that i:-ei·ipheral or 

grn~ ! n~ :ol li~lons nrc ~ominant. Something r~sc~bl 'n~ the 

i.ni~lal hnclr0:1-: ."Ire pr.csent ohortly after +;he collision. 

;-:at:;.c<?'q 1Jilj' o.t doin:r thir.'.'e is p::c-ba '.1ly i'11e:mcdiato 

bet·,·e zn t':l~s~ ti..-o extremes. 

Hence, comparisons of theoretical prcdi Gt ions with 

the: expcriment11l data may pertain more to the aeoumptions 

o! th~ rr.our.J than its dynamico. 

;., ; th th;; exception of the coherent tube moc!el, nll 

the ~od cls that P~" con~idcred here have one ~ropcr~y in 

cotruoon. They ilss t:1:1e ::hat there are multiple collisiono in 

a hadron-nucleu3 interaction. The identity and the 

properties of the objcct(s) that undergo(es) theae 

collisions are, of course, model dependent. These models 

are sorn: t ime.!l known generically no models with "repeatod 

collisions. -

All the models have a built-in mechanism for 

suppressing the catastrophic cascading within a nucleun 

that necessarily resulta from the instantaneous production 

of the final state hadrons. Thie is achieved in various 

vay•, which aometi.mee differ only semantically, 

'• 

i 

The hydrodynamic and energy flux cascade models 

postulate that tho invncdiate product of a hadronic collision 

must act as a single object, which can only be described 

by collective variables since the many final state hadrons 

czrnnot fit into the space occupied by two Lorentz-contracted 

hadrons. The degrees of freedom arc therefore sup?ressed 

and particle cascading avoided. Tho two-fireball model ~ay 

bo considered ae a special case where the collective varia

bles to be used are the same ones that described the initial 

state hadrons. 

Tho parton model asserts tha t the constituents 

(pnrtons) of the final state hadrons exist immediately after 

a collision. Thero in no packaging di!ficulti<?s since the 

partona are a ssumed to be point-like. However, · the time 

required for these cons tituents to re-arran ge thems elves 

into physical hadrons is large. And since the properties ot 

the partons arc different from hadrons, cascading can ~e 

easily avoid ed . 

Tho coherent tube model neatly sides teps the entire 

issue by equating a hadron-nucleus collision at one energy 

with a hadron-nucleon collision at another (higher) energy. 

Cascading within a nucleus ie, by assum?tion, im?ossible. 

Deyond this one common bond of a weak atomic number 

dependence of the average multiplicity in a hadron-nucleus 

collision, tho models aro ditferent and few general state-
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~enta can be made that apply to all of them. Attention will 

~ow be !ccu33cd on these models individually. Their predic-

tions on had ron-nucleus i~teractiona will be compared with 

the data of this cx?erimcnt. Cons traint~ imposed on these 

~odels by hadron-nucleon re sults can be found in the 

Ap?endices where th'" models arc discussed in ~reatcr de tail. 

Landau's one-dimen sional non-viscous hydrodynamic 

model predicts that 11A0 r.0 · 19 and thilt nA in energy ind epen

dent. The data arc best fitted by n , c0.9A" 16 and exhibit 
t\ 

~ very slow but definite increase with energy. The pseudo-

rapidity distribution~ can be fitted by letti ng tho velocity 

of sour.d c
0 

to be a free parameter. c 2 ~1/7.S yields a 
0 

r cd sonable fit. Note that this value for the velocity of 

50und ls not that used to predic t an AO.l 9 depcndcncc i 

c ·2Al / J •-'<13 used. In its sirr.plc form, the inouc l p redicts 
0 

that all hadrons behave alike and s houl d have the same mul-

tipllcitics and inclusive distributions. This is a r esult 

o! not considering the conserv&tion and other effects of 

quancu.-:i nurabcrG (b e::;, idcs enct-gy-mor.i(!ntum). Further discua-

sions on the hyclrodynilmic moJel can be found in J\pp~nclix x. 
The energy flux cascade model predicts an energy 

independent RAA2/J+l/3~. T~e dnta are.bc~t fitted by 

RAc0.43+0.56~ with a weak energy dcpcn2cncc. The extra 

multiplicity !rom tho repeated collisiona nrc expec ted to 

populato only tho lower 1/3 of (ho rap~dity diotribution 
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at ull energies. rhis in in dic~3recmcnt with t~~ d1ta. 

llowever, th~ predictions arc sensit~ve to some inpu t para::i-

eters and the model cannot be ruled out. See AP? C~dix XI 

for a mo r e detail'"d d i scussion on '.:.;\c eners:.' flu z. cascade 

mode l and the variations in its p redictiohs for d~ffere~t 

input parameters. 

The family of parton-rnultiperipheral ~odcln Dake 

!TlO(;tly 'J\lalit;;t.ii:o prccliction:i, 'W!'lich arc in r ca sor.:it,le 

a~re emen t with the dat~. For cxcrr?le, th e increase in 

multiplicity ns a f unct:ion of the ator..ic nu.-:t::;t~ r of the tar-

get nucleuo io expected to be d istributed over es5c~cially 

the entire rapicli~y range ~ith the enhar.ee~ent being ~ost 

prominent in the tJrgct fr&gxentation r esion. Even tho ush 

tl \c dilta hnve no obvious central and fra -;~e n tation rc<;icns, 

tho pscuclorapidity distributions can ~c dcscr ~ h ~cl thic way. 

More definitive c oin::iarison:i ca n or.ly be mad.;, ..,ith s?c:ci.Uc 

version s of these ~oclels. This is done in Apper.ei x XI I. 

The t~o-fi~eball nodcl predicts an e~ c r~y-i~d c~c~dent 

RA-=l/2+1/2~ "'hieh i3 ccmratiblc '.li t!l c:x!Je::- i"1en tal results. 

llowevcr: , it would be very surpr ii; ', ng tha l t:1e a sr::i?tO ti.c 

prediction should hold at t he energy rnn0e ~ndcr consi je=-

In princi?:c, nl\ as a function of v shou~2 uc 

different for p, K ar.d n beans, but the predicte~ differ-

onee9 arc smnllc:r than the experimenta l uncc::-taintico. 

See Appendix XII': Ear further cor.ur.cnts en this ir.0( c>l. 
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'i'hc r~'ierent tube model predicts RA•1//,.'Y., which i1; 

to be cor:ipared with the experime ntal i=esult of Rl\·•O. 91\ • 16 • 

The predicted rapidity distributions are much flatter. thnn 

\.n'? ob::e·:vcd i;:is eudorapidity diatributions. llowcvcr, t!.c. 

model canr1ot be C"O.,pletely ignored for twCJ rev.!;Onll. Firoe, 

the nodel' ,, prcciict'O"'.l conce::n only the produced pion"! nnd 

cannot b~ exp~cted to include the effects of fast knockout . 

protono. Secondly, becauoe of its unique ascumptions 

concorning tho target nucleus, the epproximation of y with 

n is cxper.ted to be Much -.rorne than in a proton-proton 

collioion. Cce ll(>pendix XIV !or a further. discussion of 

this rrodel. 

The!:e cornpari.sons ot theoretical predictions with 

CJCPcri.r:lcntal data have been summarized in T~blo V-1. Only 

the predictions at "asympt otic" energies have been tnbulnted~ 

The mul~ipc~ipheral ffiOdel is omitted from the table because 

of the qu"lit"ative nature of its predictions. 

lt will be noticed that none of the models is in 

complete agreement with the data. Thi9 io not surprising. 

It c;pc~rs that all the models can be made compatible with 

Ue cl<.d;11 by ~udicicus modifications to the theory, os noted 

in Appcndice& IX t~·ough XIV. These mo~ifications aro, of 

course, n:.oro serious with !lorne models than ot;hera. Suffice 

it to nay that none cf the above models Cl\n be definitely 

rulcl out, 1~ n1: ia there a clear favorit.e. 

·' ! 

i 

., 

- -- --

j 

- -

177 

- .. . 

An interesting and novel hypothesis has been put !or-

59 ward by BiaTkowsk!, Chiu and Tow, Hadrons are assUJT1ed to 

ba produced instantaneously but cannot initiate a hadronic 

cascade becau9c th~y are "inunaturc." The maturity rate, 

which is characterized by soma time scnlo "I', is enhanced in 

tho presence of strongly interacting particles. This is 

assumed to be nn intrinsic property of hadrons, · whose cross

scctions now have a time-dependent factor (1-e-t/t), The 

data of this experiment can be fitted by pickin9 an 

appropriate "induced maturity rate." Appendix XV contain• 

a furthor discussion of thi• hypotheaia. 
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l8l 

(6) Tho region of this enhancement increases ~ith 

Th~ ~e:ults of this experiment (iG •h~ energy range beam energy and extends to higher values of 

50 \.':I .200 ~V) can be sur=<irizcd <is follrw' 1 pseudorilpidity. 

(l) The average charged multip~i~ity ~n hadron-

(2) 

nucleus collisio119 depends linearly on the 
_ Acrhp 

parameter vi= ),i.e. <ll>hA"'c+dv where ':.he 
. ohA 

values of c and d depend en the ide,tity ~£ the 

bea~ narticle aa well as thu beam energy. 

In proton and pion initiated reactions, the 

reliltion between the multiplicity ratiQ 
<n>M. 

R (a~~- ) and the paro~eter v can be ndc~uately 
A <n>hp 

represented by n·universal energy-independent 

Linction: nll .. 10.0:0.02> + 10.sG±O.Ol)v. 

The koon and anti-proton data are also conois-

tent with this parameterization. 

(3) The sh~pe::;of pseudorapidity distributions appear 

to depend only on the parameter V• 

(4) The incrc~se in multiplicity as a function of 

beam e~ergy is predominantly in the region of 

high pse~dorapidity. 

(S) The increase in multiplicity as a function ~f 

the aize of the target nucleus ie con~ined t~ 

t'.H1 region of low peeudorapidity. 

(7) The dispersion and the average charged multiplic• . 

ity in pion-nucleus collisions are linearly 

related: D~0.5 en>. This pilrametcrization 11 

also consistent with n-p data. ·ueavy liquid 

bubble chamber results and tho data from emulsioo 

experiments suggest that this relationship also 

holds for other beam particles. 

While these results are not explicit confirnation or 

refutation of any particular model, they impose conGtrainte 

on the theoretical pictures of strong interaction. The 

' first threa points indicate that vis probably a relevant 

parnmeter. This favors models which have repeateG colli

sions between nucleons and a projectile that retains the 

quantum members of the beam particle throughout the entire 

interaction. 

The laot point argues for a non-zero r11pidity 

correlation. f 2 (cD 2 -<n>) would be zero in the absence of 

all correlations. The fact that RA does not d~crea~e with 

energy (point (2)) and the fact that the target-dependent 

part of the pseudorapidity distribution goes out in ~ a1 

the energy increases (point (6)) are indications thC>t there 

are explicit long-range rapidity correlations. 



182 

It appears that hadron-nucleus experiments offer a 

unique way of probing the early dcvelop~ent of hadronic 

interactions and arc c;:ipablc of putting constraint3 on models 

of hadron-hadron colli~ions. It is unfortunate though ox-

pccted that a "firot generation• experiment cannot com-

pletcly refute any of the models. 

Future expe rimen ts on thin subject should be more 

sophisticated. llowevcr, the g ~nera l approach should still 

be dictated by an attitude of oearchin9 for information as 

op;>oscd to attempting to confirm or refute one particular 

theory -- thcro iG little evi<lcnco that any theory at 

present deserves cuch atten tion. Thio may be contrasted 

with one's attitude towards quantum electrodynamics (QED). 

Several arproashcs arc possible and there is no 

a priori rcaGon for picking one over <Jnothcr. For example, 

the pr o~ erties of one of t~e Gccondarics can be examined 

in great detuil and the associated pseudorapidity distribu-

tion neasured. The le~ding particle or a high pt particle 

aFpears to be a logical candidate for tho one secondary 

6tudicd in detail. 

!\nether posoible approach would involve identifying 

the protons among all the Gecondary partic les, since rnodcla 

are usually incapable of predicting the behavior of thcoc 

knock-out protona and concentrato instead on pion3. Such 

62 an ex-pcrimer.t hae been propos'¥3- for ,the SPS facility 

-
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at CEJ'l,'. 

rhe study of 2 particle correlations is useful. 

However, it proba!:lly nced5 to be done with rapidity as the 

v.:iriablc; T's oeu<~or ;,r'-'' ity is not ncccs!;;:irily a reasonable 

approxim;:ition. '.'l:'"'rc is no ~und.-i.r.ie:.tal reason to belic1•e 

that tho corr~l~cio~ f ~rction ir pscudora?i<li~y stould aL 

all resemble tho corr cl~tion function i n ra?i<l.ty. In 

fact, the validi.t~· of such an a;:i ?r o ;ci..ma•~ion :::- cc;.uirc;:; ~ 

knowled~o o~ t ho rapidity correlation function ~n~ the 

transver se ~omcntum distribution. 

The oinultanco uu ~casure~cnts of 2 setG of 4-~cnc~~~ 

techniques. :Iow<~vc1·, such an und c rt ak in<) r..<Jy r,~ t ':i ! 

procticol. One could use lars e acceptance spcc tr o~ctcrs. 

However, the existing devices do not have the resolution 

required by the !1i9h average nult.plicitiLS (~lS-20 ch<::rc;ed 

secondaries per event). Two spectro;r.eccrs \:ith s .. call 

acceptances can avoid this problem. The lo~ rates of ~UL~ 

a set-up arc un~cccpt<Jble for cxpcri~cnt3 intcn~td as 

surveys. It ap?ears t~at the neasurenc~t s of 2-parti~:e 

rapidity corrcl<Jtions ac well as r.::.?i~ity distritutic~s 

have to await th~ development of new detectors. 

h third a ppro Bc h i3 the ~casure~cnt of ~ultipli~ity 

di::;tributio.-ic. The wi<lely-t,cld belief that i0>0 sc.::.ling
63 

ie oatisficd in hadron-nucleus ir.t.eractions is founC.cd on 
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l>!!1J-th•1n-overwhelming evidence. 

0btaining the (pseudo)rapidity distributions for low-

l.:'l · ~ !ilgh-m\• l tiplicity events can servo to te3t and differcn-

tiate between the various v~~sions of 2-component models. 

This io possible with the data from tbio experiment. llo"1-

ever, the conciusior.s will probobly be cl0udcd by the 

llr.1bigl'ltic:L in the definition of a "lcw-mult:iplicity" event. 

l~owever, before cmb.ir);i: g on any of th'! proposed 

eirpcrimentri, OT'E needs an :inr;wer to the important queotion1 

Is there nn;thing to be learned from tho short-time behavior 

ot ~ hadronic system that cannot be lcarn~d by s&udying only 

the "l r.y'"I ~ot.ic Jinal state? l\n unamhiguouq and uncquivo- . 

c~ble answer lu ~~ghl! model-dependcnc and involves pura 

spe~Jl2t~on. It will be arnued, w\•h ' .he ei: ~f an analogy, 

that 11uch a·~ inver>tigation has greilt poten ~· li.l.· 

Consider the (almost) elastic ncattering of a ping 

pong b;ill from a ping pong table. Ily ob:;ervations of the · 

unaic') .~ e~c <in well as by examining the piclureo of thid 

.l.ntei:-ci.:tion trken with t!Je aid of strove lights, i ·::. is 

generally believe~ ·h~t the ping pong ball and the table 

actually rna~c contact. The ball bcccmes squashed in the 

process. It then regains its spherical shape aa it re

boundG from the table. The scattering is a result of 

actual physical contact between the objects and momentWll 

ia tram;ferred J.n the deformation process. 

I 
I 
I 
I 

I 
I 
I 
I 

I 
I 

I 
I 

.I ' 
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If tha people who investigated this phenomenon ~re 

restricted to examining the asymptotic ntates (i.e. the 

ping pong ball approaching and receding from tho table) our 

understanding of thc _scattering process might be quite 

different. If theoo early investignt~rs were so restricted 

(£ay, by the lack of stroboscopic equlpment and/or poor 

eyesight) and if they were equipped with today's modelo 

of hadronic interactions, it is not inconceiv.ible that they 

might conclude that the scattering is beat described by 

the exchange of a Pomcron or some equivalent object. Thi• 

"'1ould set physics (.~nd the game of ping pong) back many 

years. 

rew people today subscribe to the view that ping ponq 

ball-ping pong table scattering is mediated by a Pomeron, 

because tho inunediatc vicinity of tho interaction can be 

and hns been examined in detail. Th9 results of these 

·investigntions have led us away from such a picture of the 

61 ocattcring process. 

The analogy with hadronic interactions is, of courae, 

not perfect, but this example of an everyday scattering 

process sorvea as a rather persuasive argument for con-

tinued research into the early behavior of hadronic ayattma. 
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APPENDIX I 

Definition of v 

v is defined as the average number of absorption meAn 

free paths that a given target nucleus presents to an inci

dent particle. Equivalently, it is defined as the average 

number of absorption collisions that the incident particle 

undergoes as it traver ses the nucleus, provided that the 

incident particle (or an exact replica of it) re-emerges 

from each of these collisions. The proviso appears to be 

in~ompatible with an absorptive collision, but it is eosP.n-

tinl for the t~o definitions to be equivalent. The proviso 

simply states that there are no ncrccning effects. 

Let oN be the absorption croGs-Gcction of the incident 

hadron on a nucleon, and let aA he the abGorption cross

~ection of the s ame incident hadron on a nucleus of atomic 

number A. The probability that the ~nci<l c nt particle kill 

interact with any given nucleon in the nuclcua i~ propor-

tional to oN. The average nu.-nber of such collisions ia 

therefore proportional to /\ aN. 'I'ha proportionality constant 

is simply oA, tha probability that the incident particle 

will interact at all with the nucleus, Hence65 
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Notice that the definition of v involves only the 

classical concept of a mean free path. Ono should thero

!ore be ablo to calculate v by considering a purely classical 

experi~cnt. Toke the following. Fill a box (the nucleus) 

with A ping pong balls (nucleons). Let high-velocity 

bullets (incident beam) scatter off this box. Further 

assume t!i"t the box itself is transparent to the bullets. 

Translated to tho language of hadr~n-nucleus interactions, 

thio sireply atatea that the nucleus is made of nucleons, 

which are bound to one another without on extraneous ro-

taining wall. The bullets emerge from each "absorption" 

collision essentially unscathed because of their high 

velocity. The average n~~ber of Ghattered ping pong balls 

is, by dc~inition, v. In this particular experiment, it is 

obviouB that v is given by the ratio of areas (which are 

also the croas-occtions), i.e. 

II • 
A x (c~o s s-scction of a~nong ball) 

(cro;;s-!"ectio;1 orthe box) 

When translated to the longunge of hadron-nucleus collioiono, 

this gives the formula derived above. 

7he actual nur.ilier of absorption me~n free paths that 

a.11 incident. hadron secs at a given impact parrunetcr is, in 

gcr.oral, different from v. Let this value bo v. Lot 

P(v) bo the (nor.rJlizcd) probabflity of
1
h~ving tho vGlue v •. 

-
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-.rhen 

\I 

While P(v) depends 0n the nucleon diatributi~~ within 

tho riucleua, \) dc:iends on1.y on the ratio o! cros;;-seci:ions, 

os dcmonDtcated above. Given the nucleon distribution, one 

could calculate P(v) and also v. 

Let the nucleus be r c p~cse1:ted by a ·co;.tin;.:o:..o!l nucleii. · 

density p(r). Noto th&t the discrato nature of the nuc~~nn~ 

is ignored. At an impact para~cter ~. the target ttic~~es ~ 

is l(b), 'Where 

,+co 
l(ti> ~ J p(rJ dz. 

-co 

The probability o: intc.;ra.::tinCJ exactly \I t.Unce ac thi!I irr.;:act 

p..irameter is then givE:n by the: ?oi:::;on cii:.tribution of r.;ea:-: 

aNl(~), where aN is the: absorption cross-s~ccion on a 

nucleon. Integrating ovc c all im2act para~eter3, cna obtains 

the (unnor~ali:cd) v distribution 

(

00 + v + 
(a ,l (iJJ) ex;:i (-o_.l (DJ) 

~~ .. 
. -----'Ill 
) .. . . 

0 

.. -
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Obtaining tho normalized diatribution is straight forward. 

Thie calculation has been carried out for A Wood-Saxon 

dir.t.rH·•·. tion of nuclear ma'~ter1 66 

where • • o. 5•: fen:.i 

R • (0.978 + 0.0206 Al/J) Al/J fermi . .. , . 

'l'hQ f• .• rm of Po j_9 c:hoeen tc- yield the proper no1malization1 

00 

) P(r) d 3
r • l\ 

0 

oN is ais•ll"cd to be 32.J and 21.2 millibarne (mb) for 

a protor nnd a pivn b~~m respectively. Mho r~ ~ults of thie 

c<ilcu! .• ~tior> 'Ire sho\.{TJ in Figuroa A-I-1 and :,-: .. 2. The l~nes 

are hand drawn curvcn to guide the eye. A 1-'..mte-ca rlo eimu-

latio:i technique wae uocd to confint1 these v11:ues of P(v), 

rho two calculationg agree, Note that ~,· e-t 

for t~e :~eaviest: element 'l.Vailablo (urilnh·m) P(.l) is tho 

peak of the <liJtrihution. In other words, the moat likely 

value of v ia ulways l. This is a result of the dif(uso 

edge assumed in the nuclear matter density P lr). The dia-

- -

, ·.· 

-1 
I 

I 
I 
I 

-

j 
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tributione P(v) would, of course, be different if one assUJ!\es 

some other forr.i for the nuclear matter density or if one 

takes n model of the nucleus with di9crete nucleons. 

Knowing P(v), one could then calculate v. The value• 

of \i eo obtnincd are within 5 i of those obtained using the 
l\ON 

formula ~-, where oA ie taken from ~eference 19. The value• 
ol'I 

·of v used in the <inalysis of this experiment tire obtained 

from the latter formula. 

ln general, both P(v) and v arc functions of energy. 

llowcver, in the limited range of 50 to 200 GeV, "N is 

effectively independent of energy, Therefore it follows 

that p {V) .and \i arc also independent of energy. The forroulae 

for calculating v are given in Table A-I-1, and the values 

of \i for the various targets and projectiles are presented 

in Table A-I-2. Since there are no published p-nucleus 

aboorption cross-sections at high energy, they have been 

arbitrarily taken to b9 the same .· as proton-nucleus cross-

sections. 
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TAOU.: CAPTIONS 
~ 

N 
rl 
0 

+I 
A•I•l Fonnulac for v. The proton-nucleon cross-sectiona ro 

N N 

"' ..... ..... 
are the average of 102 and 205 GeV/c data from I . +i 

N 

·..!:;. .. 
N ..: ..: .... 

References 43 and 31 respectively. The + "' K-p cross- p .-1 "' "' N "" ...... 
section is an average of 32 GeV/c data (:Reference +1 0 

r-

20) <>nd 10\l GcV/c d:ita (Reference 4 ~) • The TT-p 0 
i"'\ 

cross-section is an average of tho rc::iults given in 
M 

Rcf crencco 20, 22, 41 and 4 2. The hadron-nucleus ....... 
0 

cros!l-ncct.ions arc from RcfcrcncQ 19. +1 
r- "' \0 i"'\ 

1..-I-2 \i function of 71 r- N 
as a bc ;v:1 particle ar.d target nucleu!l. N ""' ... H -+ "'-1 ., ,.., 

I \..: ..., < .., .... 
The tabulated error:: do not incluuci the error on A'. .... "' "' ~ 

'" .;; 
aN' which is an overall scale factor for each of tho ....i +; 

~ "' 
different beam particles. ... N 

N 

.. ; _, 

FIGURE: Cl\P7IONS 
-11 
rl 

"' "' "' \!) 0 
("\ 

1~· +I "..: "" ....... .r. r ' N 

A-I-1 v oistributiona in proton-n".Jclcus inter.:ictions ca:- 0. "' N "' "' " "' 0 

culD.ted with a \·iood-Sa;.;on diotribution of nucleon!.! -- +r 0 ..., 
sec text for detai.ls. The lin!lS aro drawn to guide · "' .,. 

tho eye. 
:a I (JJ c: 

A-I-2 Samo as above but for pion-nucleus interactions. " .... µ ;:l 0 
Q Cl 'O 

~ "' () •.r.: 
0 c l"i •1 

r:l ;J Cl 0 

~ 
0 ....... •d ~ .., ;J CJ .j.J .., 

12 ,..., c () 
;' .j.J ~ :o ·~ 

;z: .,,, 0 U rJ 0 z 
0 ;,., "-1;> tfJ ~ ~ 0 
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FIGURE l\-I-1 
TABLE 1\-I-2 

v 0 ISTR IBUTION FOR P-A INTERACTIONS 

Elcll".ent l\to:nic No. v(p,p) - + V(IT 
+ -) v(K ) 11T 60 60 Carbon Aluminum 

H 1 1. co 1. 00 1. 00 
A •27 

Be 9 1. J7±0. 2 i.10±.15 1.26:.04 . 40 40 

c 12 l.50±.0J l.19:.16 1.36±.04 

Al 27 1.92:.03 1.43:!:.19 i.10:!:.os 
20 20 

Ti . 48 2. 29!. 04 l.·64± .22 1. 98:. 06 . 
0 

2 
0 

Cu 64 2.so:!:.04 1.75±.24 2.14:!:. 07 
4 6 8 2 4 6 a 

Mo 96 2.a4:.os l.92±.26 2.40±.0B 30 Copper 30~ Sliver 

]\q lOB 2.9s:!;.os 2.98.!:.27 2. 4 0:!:. OB A• 64 

-.~ 104 3. 47±. 07 2.24±.Jl 2.86:!:.ll ~ '° -
...... 

r ·Q 207 J.61±.07 2.30_!:.32 · 2.9G!.12 ~ 

3.01:!:.12 
. Cl. 10 10 

u :238 :s. 76:!:.oa 2.38:!:.33 

E:mul.aion 2.45!.os l.74:!:.24 2.12:!:.06 0 0 
2 4 6 a 2 4 6 8 10 

30 Lead 30 Uranium 

A• 207 A •238 
20 

10 

0 
2 4 6 a 

ZI 
2 4 6 8 IO 

' · 

:. · . 
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FIGURE A- I-2 

ZI 0iSTfl18UTION FOR 7T-A 1NTERACTIONS 

Carbon Aluminurn 
60 60 

A• 27 

40 40 

20 

0 0 
4 6 8 2 4 6 

• ,-
I 

30 • 
Copper 30~ Silver 

A• 64 A• 108 ~ 

~ 20 20 -

.:::. 

a.. 10 10 

0 0 
2 4 6 8 2 4 6 

30..- Leed 3or Uranium 

A• 207 A• 238 
20 20 

10 [ ] 
0 

2. 4 6 e 2 4 6 
ZI 

,, 
l 

8 

0 
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APPE!WIX II 

Rapidity nnd P~cudornpiditv 

.The longitudinal kineDatic variable u:;ed in i:...'.nV 

rncdels on hadronic interactions is the rapidity y defin.?1 c.:i 

1 y ~ 'i ln 

'l'he transv2rse vaci<::.bl0 is ?.i., the transvers e r;ic, ;;-.2n tw:i. Tr.e 

invariant crons-scction :'..s Ed 3a/c;::i 3 , which can also be 

written ll!l (l/rr)d 3o/cJP.l 2ay. Integrating over PJ.., or.cot>-

tains do/dy, the cnc-p<::.rticle incluoi~e cross-5ection as ~ 

function of rapidity. It satisfies the nor~alization 

where <n> is the av2:.age multi?licity. 

While the Feynman scaling variable x • 2r 11*;/s, 
.. 

wh0ro P 11 "' longitccJinal ino;ncntu'l in the ..:cnt0::-of-·rr .. 'l5 !i 

fra ;n~ and /3 • energy in the centcr-cf-rc.:i~s L ·a:r.c, i;- us.~ful 

for cx;1r:1ining the hi']h "1o:nentu;n region (i.e., x"-l), t r . .:: 

rapidity. y is useful for looki~g at the centr~l region 

(i.e. X"'0). :'igur" l,-II-1 .GhO\./'.l the rcl<Jtionshi? l:r'.!t...,een 

x an<l y fo~ varJo~s values of the tr&nsvcrac ~azs ~ in c 

100 GcV/c prot..11 -,oro '. .c.1 i..;0lliaie;;,, whc!:·,;i i.: • /m 2
-t?J..2 ~' :Jr 
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~ • 0.4 GcV, the avcrJge value in a p-p collieion, tho region 

x>o.s io mapped ·!nto just l unit of rap!dity: while tho 

region O<x<O.l is ma?pcd into 1.S units of rapidity. In 

other ~ords, the ra?idity variable opens up tho central 

~egion while x expand9 the high-momentum region. 

While rapidity has the advantage of magnifying tho 

central region, it has, in pra~tico, a serious drawbac%. 

Fro~ its definition, it is obvious that one needs to deter-

mine the 4-momcnta of a particle in order to find its 

rapidity. To do this in a multiparticlc experiment, where 

there 1:lily bo as mar.y as 30 prongs, is extremely difficult. 

It r~q Ji rc~ the ability to track all the particles through 

ln.!l~nctic fields to find their momenta. Mass (or velocity) 

d·: t~ nninatlons ··•ould also havo to bo mnde. Therefore one 

.1i:-c · s a t<ys~!?m of Cher enkov c0unters, time-of-flight 

co uncc r.i, ele;;t:~.1 shower cour.t<?rs, muon counters, etc., 

capable of resc.lving some t hirty particles . The oystem 

must aloo be able to rccosnize decay products of unstable 

eccondarie·a. 11-.!e .iP f!. fon:.idable task, 

r-ii·tunately, the rseudorapi-iit.y V.!l:'.illblc.., l'lr ia ll 

good approximatior to r. and its determbaticin involves o~ly 

t.hrs mea11ureman'c. of the polar angl.01 

I'\ • -ln tan (~) 

. I 

-- - --
I' 
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Tho approximation is valid whenever <rJ..2> >> m2 , which holds 

on the average. Tho use of this variable greatly simplif ie~ 

tho experiment. Neither momentwn nor mass dcter~ination ~r~ 

necessary. 

'l'he connection between y and ri "Will ·nov be derived. 

Their LOrentz transformation propcrtie1 will also be dis-

cussed, 

The rapidity y is defined as 

l E + pll 
y • 2 ln (E - P ) 

ll 

Taking the exponantinl nnd re-arran9inq term•, one obtain• 

the equivalent definitions1 

and 

p 
'I • sinh-l c..l!> 

).I 

y • cosh-l (~) 
).I 

where µ • lm2 + P 2 • transverse mass. 

The definition of paeudorapidty 

I'\ • •ln tan (~) 

can be manipulated to qive1 
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p 
n • sinh -l (_±_!) 

P.1. 

n • cosh-l ( .e ) 
p.l. 

It should be apparent tha t the definitions of y and 

n are eq.iiv.1lent in the limit m2/P.l.2 becoming very small. 

To examine this · in gre.:itcr detail_, u~o tho definitiono 

involving invcrGe hyperbolic tanCJcnts. 

11eries1 

Expand tho invcrso hyperbolic tangent in a powor 

so n • 

and y • 

P11 c--l p 

p 
(-ol):.) 

t. 

l pll 3 1 2 1Sm4 
+ J (-pl (l - ~2 + ---::--;r> 

2p Op 

p 5 5 2 35 4 
+ l (_ll) (l - ~ + ____:;:___) 

5 p 2p 2 Bp 4 

+terms or ardor (~) 6 

p 

I ZI <l 

- -

known1 

--

6 
+ terms of order (~) p 

-- ---
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The evaluation of an infinite gco~ctric s~ri0s is ~ell 

pll ., 2 
(--) (~- ) 

p P.1. 

p 2 
(__!.!.) l 

p 

To evaluate tho oth~r infinite series, noti<'c th.at 

Pll. n 
i: (n+2)(-) 

n odd P 

T1'.orofore 

+ ~crn1 s ~f o rder 

pl, 
(2+(-p·; ~--d- ·) s 

a(P:_/?J 

P11 4 
(-- 1 ,!:. ) 

P P.1. 

p 2 
(3- (....u.) ) 

p 

p 
Since 1-Ll1 $ l, n io a good .:ipproxir:laticn ~o y, p 



i I 

•' ' 

204 205 

p~ ~v'dcc', thnt (m 2 /P.i..2 l<~L To check for the validity of 

t:i•.s i'1eqnal ity, one necdg to flnd m2/<P J..
2>. For pione, this 

retie; .~e about l/12,lG ond th~rcforc the approximation of l'J 

for y is acceptable. The ilpp ..- oximation is wotoe for heuvior 

particles • . Since hadronic products nre pr edominantly pions, 

the us e o! ··ri is _': •;i;tif .ii'lblc. Note that one aho•1ld co:npare 

n 2 .,..~1 . h " P.2>, riot with <f'J..>
2 

Thc . rrl~tivP rna1~itudeo of y and l'J can be moot eooi1y 

discerned by exil111ining P11 • µ sinh(y) p P~ oinh(l'J). n is 

greater (s ·-<'ller) than y when P 11 is positive (negative) 1 

i.e. the ah solutc value of n ia always greater than the 

~lsolutc vi'llu! 0f y. 

Thi b haM ~n interesting consequence. Coniidcr the 

centi:?r " :-mass rllpi cHty of a prot.on ·· proton cc-1 lision. Xf 

this diotr1butlon is indeed flat n3 the multipe rinhcr~l 

zrodel would huve it, its corrc6ponding pscudorupidity dis-

tribution can be obtained if one assumes 6omc transverse 

::00~.~ ,~~11;-, clislribution and can be shown to exhi bit a d i p in 

the centr<.l region if transverse momentum is lirnitcd. 

Cari:uth<:?rs and Duonr; ·v1rn67 have shown t'1at thie dip may n?t 

"heal• for as much as 2 units of rupidity. Similarly, if 

the rapidity distribution is Gaussian {n shape ae predicted 

by the hydrodyn1l.11lic model, then the corresponding pacudo

rapidity di~t ri~ution would appear much flatter • 

. Under n Lorentz transformation along tho direction 

I , 

I 

· or P11 , it can be shown that 

• y-+y ay+u 

where \I .. tanh-1 (6) 

and S .. trunsformation velocity. 

It follows thut the rupidity distribution has tho saroe shape 

and normulization regardless of the reference frame. Indeed 

its simplicity under a Lorentz transformation is one of the 

most attract.ive features of the rapidity variable. The 

proof is as follows. 

Let P± • E : Pll" 

Using tho definition of y, it can be re-written a• 

±y 
p* • µe 

Tho transformed qua~tities, by definition, aati•fY the 

equation 

Under a Lorentz transformation along P11, 

* PJ.+ P.i., • P.1. 
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• So 1.1 
2 .2 2 2 

(111 + P.1. •,Im + PJ. • 11 

Therefore, e+u •Ji~• y(l+p) 

and e-u aj:!.::.a. • y(l-B) 
l+B 

-

,. 
Inserting into the equations for P± , one obtains 

• p ciY 

* It !ollows that y • y +u 

' - -

The Lorentz tr.:ins fonn.ltion propertic!l of I) a:-o moro 

co-;nplic.1tcd, but becro.c src:i.tly simplified whon cortain 

assU1Lptions are true. In general, 

* transfonna to n 
-1 .. • 

sinh (P 11 /P.._) 

-1 ' 
• ainh (y sinh n (1+$E/P11 l> 

where y and B are tho usual Lorentz factors asDociatcd with 

2 2 the transformation. If (IJ /P11 t) <.< l, /hen 

-- - -

* cinh(11 ) 

- - - - -
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2 
: y (1 + B (1 + i ~) 

pll 
) Dinh T) 

., 
• (y(l+!l) + ¥ ~ . ). sinh '1 

pll-

2 2 The J.ssumption (µ /P 11 ) « 1 implies thu. t ri is large, i. c. 

sinh(ri) = cn/2. This approximu.tion is sooj to 1\ (5~ ) fer 

particles within 11.4° (25.2") of the forward dirc:tion • 

• In gcnerJ.1 1 ri ne ed not be very : .:i rge. o~e c a n still 

solve for ri * by successive .:ip£)roxi1~. ;ition. Tii~b g tr . .:. :iat~r.ll 

logarithm on both sides, the lowest order ~elution is 

* "(:l 2 
T) - n + ln (y (HS) + _L_ 

2 
pll 

2 

:: n + ln (y (l+fl) ) + 9 ,,.? 
2 (l:;fi) --i 

p!.1 

Note th<i~u • tanh-l( 8 ) a ln (y(l+ 8)) 

Ha king use of tr. i• ·~crC>t '1 c .~ jcr sc.> l :.itio:i, one can th<.;n : ii.(. 

the firot order solution: 

r1" .. n + u - (l-c- 2u)u- 2 n + tcrno of or\.!er (~~) 2 

• :'- 1 
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In tho :i. ·1er119e 100 GeV/c proton-proton interaction, 
2 2 2 2 • <u > ~ 0.4 GcV ~nd P11 ~ 100 GeV 1 so the last term can be 

safely i9norcd. 

thcrcforo, provided that tho energy is dominated by 

the lonyitudinnl momentUI11 P11 , n and y transform the sruue 

ways 

~~! kincin<:!tically allowed range of y is most easily 

dcter.:nincd in the ccnter.-of-m~ss frl'Jlle1 

µ :iinh </ ) max 

Thcref'or"I the ful: wtdth in rapidity y•2y* ··2 sinh-l(IS)'. · 
ma~ · 2µ • 

so Y ~ 2 :n (L§.) " ln 
u 

Tha maxi.ro..al value of Y is attained when µ • m, i.e. when 

l 

I 
I I. 

.! 
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P~" O. This value of Y is given in Table A-II•l for pion1, 

kaons and protons at various beam energies. The approximate 

formula for Y shows that the kinematic l.Ur.its for different 

particles differ by an energy-independcnt(l!T'Ount. Table A-II-l 

shows that this is indeed true. 

Figure A-II-2 shows contours of constant y and ~ in 

the P11 -P~ plane. Figure A-II-J shows contours of co~stant 

(D-y). The momenta scales arc in units of the rest mass of 

the particle. 1'hen P~ ~ 2M, y and~ agree to within O.l unit 

of rapidity. Also shown in Figure A·II-3 is the line corre• 

sponuing to 6 • O.BS. Particles with momenta lying within 

that quadrant of a circle ~re outside the velocity acce?tnnce 

of this experiment. 

To test the validity of the approxi rr ation of y with ~ 

in actual practice, 100 GeV/c proton-proton data46 were 

examined. Figure A-II-4 shows the rapidity and pseudorapidity 

diotributions of the relativistic secondaries (6 ~ O.BS) of 

those events which hJ•e 4 or more charg ed prongs. These 

. cuts arc applied to simulate the conditions of this e~peri

mcnt. The two distributions have similar shapes. The psuedo

rapidity distribution is displaced slightly to the right of 

the rapidity distribution. To better illustrate the 

similarity between y and nr the frequency distribution of 

their difference, <n-y), is plotted ln Figure A·II-5. 

Figure A-II-6 is the integral distribution. For 90\ of the 
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particles, ~ and y agree to within 0.3 units of rapidity, and 

only two percent of tho accondaricu have their ro.pidity and 

pseudor~pidity differ by moro than 1 unit. 
A-II-1 

A-II-1 

A-II·-2 

A-II-3 

h-II-4 

- - --- ... - --

~11 

T/\!'li'...:O: Cl\P7IO~:s 

The kincmatically allowed range of rapidity for 

pions, kaons and protons as a function of the 

center-of-mass cnersy /s. E is t~c e~uivalcnt ~~ 

energy in a protcn-proton collision . Note that 

(Y -Y ) and (Y -Y ) arc indepcnccnt of ener~y. 
n K n P 

n:cunr:; C ,\PTJO~ S 

'lhc rcym-.:-i scaling vari;itle x ve:rsus ra;;idi. ty 

(p!.icucorc?idity) =or di::':::'<"1:en t v ~ :1 ·es o f i; (P.!. l. 

Co~tours of consta~t ra?iu~ty (<lashed li~0~) and 

pseutlor<ipidity (solitl lines) in the ? 11 -?.4. i-'l""' · 

~otc th<it the rao ~cnta scales arc in unit s of ~a~9. 

Cont')ur:i of const<.nt (r,-y) in the P11-?.l. ?lane. 

T;,.., (j U.:tc r- n t o::: a circle enclosed by t~c ·::.:;r.cc 

0.85 and arc the refore outside the a··cFpt2 nce 0f 

this c xpe:: '. r..en t. 

Co~pa~i sun of the p~oudorapidity ~istrib~tion (L) 

and rc?idity distribution (·) in lCO GcV/ ~ p=oton-

proton intcLactions. A velocity cut ~f £>0.DS has 

been .l??:icd ~:c the d;,1.a, Al:.;o ovcntG with <0.'1'{ 
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APPENDIX III 

T~ie C C".ountcr ------
The c counter countg particJcg thro~gh a pulse height 

tec!111l~ue . 1~ en the .ivcc:tnc one i;: ,·rt!.clo yields a .certain 

ain'~ ·.i.nt e;f Iight, then two pa:-ticleG ·;ill, on lhe avcrnge, 

yield twice tha t ilmount of light, ilnd flO ~n. · T :H refore, 

~nowin9 the p~lac height dintribution of soma events, ono ~un 

detennino the ;,•:r:ragc mult.lplicity of these events. Tho 

al ~ ~l!t~~ i3 presented in ~ppcndix IV. 

~ ocint illati cn counter appeara to bo a logical choice 1 

for thi9 counter. T'le light yield is 1-:irge, hence the pulse 

h'C'ight :r:csolutJ.o n i9 good. ll owever, it hn3 a r: c rioua draw

b::ick for thiB e icperirncnt. While all relativiEJtic particles 

give roughly the c~mc amount of light, a nonrelativistic 

particle c~nr~ t be distinguished from a large m~bor of filst 

particles. This is a consequence of the 1/8 2 dependence of 

the ionization rate at low values of B. 62 Since one 

roight reaeon;:ibly expect cie>mo slow multiply-charged nuclear 

!ra'J'l'~nts in il high-energy hadron-nuclcua collision, thia is 

a scr!ouo problem. 

The properties of Chcrcnkov radiation arc well

ltno·o.i. 63 Tho light output as a function of velocity is 

:11ustcated in Figure A-III-1. The existence of a thrc~hold 

._.- ce\•C'nte al •.:1 V. rarticlca fro:n masquerading as many faat onea. 

I 
I 

I 
·' 

. I · 

I 
i 

I 
1 
I 

l 

Tho rnpid saturation of l i ght output above threshold is alao 

important. All fast particles can be assumed to produce 

about the same amount of light. In other words, the light 

output curve can bo well ilpproxi~ated by a step function. 

Tho choico of radiators depends on several factors. 

Tho amount of light produced, the case in handling and 

shaping the radiator, and the index of refraction are some 

important ones. 

A gnaeous radiator gives tho experimenter control 

over th~ index of refraction and hence the threshold velocity. 

Thi3 attractive feature is negated by the long lengths of 

radiators (and the associated optics) required in order to 

produco enough light. Tiie typically low indices o! refrac

tion re5ult in a small nUr.1ber of photons being produced, 

which gives riso to a very poor pulse height resolution. 

Liquid rad iatora can be made much smaller. The need 

for the radiator to be shaped and uniformly filled poses a 

serious problem. 

Solid radiators ilre the easiest to shape and use, The 

level of light output is nlso ilcceptablo. The miljor draw

back is in having a f ixcd index of refraction. 

The actual radintore used in this experiment were 

made of ultra-violet transmitting (UVT) lucite, which is a 

solid at room temperature with an index of refraction of 

about l.SO. Its threshold and saturation characteristic• 
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are sholill in Figure A-III-l. For the sake of simplicity, 

the lucite was ass•imed to impone a velocity selection of 

ll ~ o.es. 

Since this counter"'~~ to b,~ used for counting 

particleL through their pulse height, uniformity of response 

as well as linearity of response w~re. important. 

Unifonnity of re:; pon!;e over the entire cathode sur

face o! the photor:iulti?licr tul::e Wo.$ achieved by oh<1ping tha 

radi3tor so that it W<lS thicker around the circumference 

where the cathode is less effi cient. Sec Figure A-III-2 for 

the dccign of a typical radiator. Radiators of dif fe r ent 

thickn esse s were used in the expcri~ent in order to deter

mine their effects on the ob&erved multiplicity . Nono wero 

observed. With these radiators, the variation in puloe 

height across the s urface of the tuba 1.,i:i.s la s s than 1 0'1. , 

The linearity of reGponse depends on tho choic e of 

t he p~otomultiplier tube. The RC~ M0del 4525 photo~ulti 

plier tube with a 5-inch dia me ter photocat!lode was chosen. 

This is a 10-stagc tube with bialkali photocathodo for 

high suantum efficiency. The re3pon ~c curves and the 

manufacturer's apecifications arc given in Figura A-III-3 

and Table h-llI-1. A apcci~l volt3ge-dividing resistor 

chain waa uaed -- aco Figure A-III-4. It had several 

special fc.iturca. Tho voltage between the c.ithodo and the 

!irst dynodo waa tuint.iinod lltf or nc3r
1 

the maximum rated 

I 
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v~lue to increase e!ficiency as wel l a~ resci lution . Thi~ 

waa do~e with Lhe ~id of Zeno~ diode&. A se~on~ tc~clatcd 

DC po1~cr SU??iY 1-:as co:inectcc '.:o C.y:iodc ~.<:.-;~er 7 i:'I o:::C.cr t.o 

supply the e~tra cur::en t needed in t he last !cw stasrs . 

· Capacitors wera put between all riynodes to pcr~cn t sc~qing 

in high current running , llotc t ril t unli!~c 'usual ''FP l i. c-1-

tion s high current could resul t ~::ora no: c:ily high evc:it 

rates but also from a high multiplicity per event. 

The signal from the a node was sent into a LeCrol 

Reacarch Sy~tcms Moc!ol 124 Gated Stretcher. Th~s device 

inte r: rate s the c ha rge curing the pc::iod of the gat'e ;:;nd then · 

givca an output p~lse whose heish t i s prcpc rtional to the 

total charge. This pulse was then digitized by the pulse 

height analyzer. 

For the first part of this experiment , a Tracor

Northern 1-:odel NS700 4096-channel pulse h0ic;h~- a1;i!ly::C!r .. .-as 

used. For t he second part of t hi s experiment, the puls~ 

height a na lysis was performed by a Lec roy Resea rch System3 

Model 2219 1024-cllannel a na log- to-d igit<J. l con •1e rtcr. h 

typical pulse heisht Gj>ec t :c'J.I'.\ i:; G!-.01-111 in f i') ui:- c r.-rrI-5 . 

In ~oth cases the lin earity of t~u cntir~ syscc~ ~as 

dctern'ncd ~u be bec tc~ than approxi~atcly Ji tint e ~rall ~? 

I to 25 ~artlclc~. ~hi1 w23 done with tho aid of pulucJ 

lisht emitting dio~es (L[Du ), This calib:at!on ~a~ ~er~ 

fcrrr.ed bef0ra and .-fter r.;ach pnrt o:: the c.:perir.tent and was 
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found to re~roduce itself. 

According ' to the manufacturer's s~ecificationa, tho 

RC~ 4~25 hao a rise-time of 19 nano-sccondo (nscc) • It was 

rxpcri~rn tally observed tha~ the voltage at the ano6c ~~-

turnf:'u t.J the qdescent l '!vel after approicimately 100 115oc, 

Since the counter was situated in the beam and therefore 

res?onded to all be~ru p~rticles, this set an upper limit on 

the beam intensity. 

Whn tevcr r.<idia tion damage the en t.hode and the dynodes 

isight hove suffered during tho courae of this experiment 

was not ohserv~hle in tests on gain an<l linearity of 

response. 

In the construction of the bane, care was · taken to 

keep oll the components out of the beam in order to maximize 

transmis3ion of th~ beam -- aee the text for triggering 

require~cnts. Nevertheless, the counter still presented 

10\ of ~n interaction ·length to incident hadrons. This was 

c~perl,entally determined by measuring the transmission of 

'-.h<' bea:n with the counter in and out of the beam. 

All the counters used in this experiment to mcasuro 

~ullip~icltiea (as opposed t~ trigger ~ounters) wore made 

of UVT lucite. '''hercfore, t:h"'sc counters also ha~ .' a 

velocl.ty acce?tilnce of a > o.as. 

I 
I 
,. 

I 

I 
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TABLE CAPTIONS 

,. 
' 

A-III-l _Specifications of the RCA 4525 photomultiplier tube. 

A-III-l 

A-III-2 

A-III-3 

A-III-4 

A-III-5 

FIGUm: CAPTIONS 

Cherenkov light output per unit thickness of UVT 

lucite as a function of the velocity (or momentum) 

of the charged particle traversing it. 

Front and side view of the design of one of tho 

UVT lucite radiators used on the C counter. 

Relative sensitivity and quantU111 efficiency of the 

RCA 4525 photomultiplier tube. 

Design of the voltage-dividing resistor chain for 

the C counter. 

A typical pulse height spectrwn obtained with the 

C counter, Notice the clear ·3-particla pea~. 

'. 
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ThBLE A-III-1 

Specif i cations of the RCA 4525 Photomul tiplie r Tube 

Quantum efficiency 

Cat hode matc ri.:il 

Dynodc struc:turo 

Cathoe e area 

Wave lcr. r; t!l of maximum response 

liur..bcr o f stagos 

Pulse height resolution 

. 
25\ at 4000 A 

Ces i llr.l-Pota s sium-Antimony 

Dccyllium oxide 

Venetian blind 

} 15.l inches2 

.:o oo :t soo A 
10 

7. 5% 

(Cal3? source, 3"x3" 
NaI(Tl) acintillator) . 

r r 

..... 
I 

H 
H 
H 
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~ 
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FIGURE A-III-4 
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FIGURE A-III-5 
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APPENDIX IV 

Obtaining Multiplicity Moments from a Pulse Height 

Distri£uti on 

Let P1 (x)dx be the probability that the pulse height 

:.re~ a oir.gly-charged relativi6tic particle tho only klnd 

~· p1rticle that will be considered here -- is between x a~d 

l~+ •. x1. Th~n the probabilitt that two ouch particles will 

together yfold n pui.ao hcl.glit x ia given by 

P
2 

(x) • ~eo P
1 

(x-t) P
1 

(t) dt 

• 
~o~u tl~~ ~ 1 (x) is identically zero when x is negative1 eo 

th .. liml ts of inte;11 <it ion are as shown. hild .'.11 general, tn€1 

probability that N ~articles will give a pulLO height x is 

00 

PH(X) "' ) Pl (x-t)PN-l (t) dt 

a 

There ~ or e 11 r n··;1dcogt o! thf' cne-par 'dclc epe..:trum cnobles 

on~ to fl ~~ tho pulee-hci9ht die~ri~~tion of an arbitrary 

nu..Wcr of ,,articles. However, the preci ~ ion wi ~.h which 

theao distributions are known decreases with the number o~ 

p.'lrticleo N. 

~~nsi1er • s.unple of H events. S~ppose thct each of 

I . 

i 

\. 

j I 
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a.
1 

of these events has one singly-charged relativiatic 

particle, each of a
2 

events has two such particles and •O 

on. Then for this sample of events, the average multiplicity 

is defined as 

<n> .. 

and the second multiplicity moment is defined ~s 

2 
<n > 

Note that the second moment, <n2>, ia needed to r.~l~ulate 

the dispersion of the multiplicity distribution, which is 

9iven by 

To find <n> ond <n 2>, one would (naively) have to 

obtnin the ni's first. Thia could be done by fitting to 

tho puloe height distribution of these M event• with a 

linear superposition of tho various P1 (x) 's. These ai's 

can the~ bo inserted into the definitions of <n> and <n2
>. 

This procedure is correct in principle, but runs into • 

host of practical problems. 

First note that the distribution P1 (x) ia the only 

. . 
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experimentally accessible quantity among the many Pi(x)'e. 

This one-particle spectrum cannot be known perfectly. The 

uncertainties propagate and rr.~ltiply as one performs the 

convolutions needed to generate the Pi(x) 's. Errors on the 

pedestal of the distribution, i.e. the uncertaintieo in the 

zero of the pulse height scale, have two effects on the 

Pi (x) 's. First, the se derived ap~ctrc, will '-ie shi:'.:ted 

along the pulse height scale by an a mount proportional to i, 

In oth.:r W"Or<li;, the Nth spectrum will have an error in its 

pe<lc a ta 1 N time!> that in the ona-part iclc spectrwn. More 

i~?ort~ntly, :he pulse height scale bccc~es distorted -- an 

error on the ped.:?st..ll .:ilso reflects its e lf as an uncertainty 

in the gain of the 3yste~. Actuul uncertainties in the gain 

used in measuring P
1

(x) will also manifest itself. Fitting 

procedure:: ;11ust be c .:i p:ible of deter:minins the pedestal and 

gain. This simply introduces b:o more unknown8. l!owevc;r, 

these two unknowns arc highly correlated with one another 

ao well as with the ai's being determined. Mor0over, tho 

proble~ is not linc:ir in theso 2 additio~al . variablcs as it 

is in the .::.i • s. An unar.1bis;uoun solution in often in doubt. 

Secondly, the maximum number of spectra Pi (x) 's that 

are generated and used in a fitting procedure io limited, 

Thirdly, a Gimple least-&quares fitting proceduro 

vill, in general, yiclu ~o~c ncsative valucu of ai'o. Tho 

interpretation of theso &i's and tho validity of ouch a 
f I 
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fitting procedure ilre in doubt. More complicated algoz·itl;;;is 

can and have been deviced to find non-negative values of 

a. 1 'a. 'i'bc 11 .&.i ·:-ups" in these o.:gorith.r..s are di:ficult t.o 

juotify. 

It will r.u1• be show;. that tnera is a m:.•c;;, si::i;il~: 

algorithm. I\ knowledge of th<: p ulse-hdc;ht r..:,;:ier. ts of P1 (x) 

ar.a the EL->C:Ct:::u:;i. under cor.siC.cration is suffici~:-.t. No 

fitting is req uired. It will be argued ttat in ad-' c ' on to 

being a more dire~t and fast er calculation this als;oriti~" 

uncertainties in the p : j c s t.:i l a nd t~c gain. 

Define t.he uvcr.:gP. pu l G~ hci<;ht of ;my r j"Jcct:rw:i f (x) 

by 

• C4 

<X> [ ~ 

) Y. .f(x) c.lx 
_ __ Q ____ , __ _ 

)~ f (:<) ex 

and tha dispersion in pulse height by 

Apply tho first formula to PN(x) and obtains 
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~~ X Ptl(X) dx 

~~x( )~P 1 (t) PN_1 (x-t) dt) dx 

rPl(t) ( r?(y+t) PN-l{y) dy) dt 

f"pl (t) (< '°N-l + t) dt 

?'t':c refore, <x>
1
tll<x> 1 • Similahy, it can be shoWn that 

1.e t f(x), the spcctr •.ur. to be analyzed, be mado up of 

.ll oric-prony e11c11t.J, a 2 tl>'o-?rung events. and so on. It can 

be written npproxim.ntely ao n linear Duporposition of the 

Pi (x) •a: 

f (K) 

The equality becomes exact in the li~it of lnfinite 

statisL ·.s. The a1 •s aro, of courcc, unlrnown et this point. 

l'l>e <'Vt:rcga )l'lln~ height of thle spectrum is gi·19n bya 

l ai ~~x Pi(x) .dx 

I: \" i ':ii l.pil-"l OK 
<X>f .. 

! . 

I 
I . , . 
' 

I 
' 

I 
I 

j 

·Therefore <n> • <x>f 
<x•1' 

• <x>l 

\' 

I 
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So the average multiplicity represented by the pulse height 

spectrwn f(x) is the average pulse height of that ~pectrum 

divided by the avera9e pulse height of the one-particle 

spectrum. 

It can bo shown similarly that the dispersion of the 

multiplicity distribution is related to the dispersions of 

tho spectrum f(x) and the one-particle spectrum P 1 <~>• 

These formulae greatly facilitated the analysis of tho data. 

The three above-mentioned difficulties in connection with 

fitting procedures have been avoided. 

Tho calculation or the errors on the multiplicity 

moments are als~ straight forw~rd. Uncertainties in the 

pedeatal lead to an uduitive error in <x>
1 

and <x>f. 

Chan9~s . in the gain of tho pulse height analyzing eystem 

lead to a scalo .change between <x> 1 and <x>f. This uncer

tainty can be taken caro of by introducing a percentage 

error on the multiplicity momenta. 

'. 
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Ourinq tho courao of this experiment, the pedestal 

\iae obecrvcC. to be stabJc to "''ithin about holf a pulse height 

c hannel out of a full-scal e 512 channels. This wa6 true 

(indepcn~en tly) for the two pa:ts of the experiment. Since 

O.l\ is much emallcr t han the ctatis tical uncertaintieo of 

the exper i men t, ttis effect was ignored. 

Si~il~rly, there was no obEcrvable gain change . Thi~ 

\o'as clctci:-r..inc~ by cxa..11ining the or.c-p.:irticle · spectra take n 

at regular inte~vals throug hout the experiment. Thia uncer

tainty .,.·,rn also ig:;orcd in the analysis. 

?or this algoi:-it~11 to wo:k, t wo criteria mus t be 

satisfiej. First, the en tir e pu l se haight analyzing system 

: .us t ~ unifonn and Ur. car. Thia i s es:;entia l for the 

P1 (x) 'a to be calc~latcd correctly by the convolution method, 

The r e cpo:;sc must not s~curatc, othc r wiso t he aver-ago pulse 

heishts would be systc~atically biased . These t wo condi 

tions ~ere ~et by shaping the radiator (so that tho respons e 

is b<lcpandcnt of the trajectory of the pc:rticlc), by 

sclec ti~~ a ?hoto~ultiplier tube \.lith good linc<lri~y, nnd 

by uning a specially designed base to avoid a~turation and 

enaure linearity. Seo AP?cndix III for dctailo. 

- - - - - -
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1'Pi'£:-IDIX V 

Details of the !1r.1:ysi !'". fo :: l'drt_r._ of the £;.:;,c rir·.c r. t 

For 0ach run, t he ciqh~. [-'llsc:-!-.eiqht ct: stri:::iutions 

were fitted to obt<iin tr.e fre: c;u'C r.cy distribution of t he 1.-.... -

multiplicity events , i. ~ . tho s ~ evcntD wit~ l c5s th~~ 7 

prongs. Thc5c fits ~ere rc~tri~tcd to lo~-1~ultipl1c~ty 

events f o :."" scvcru.l reasons. Firs~, l ow-znultirl. icit'j e.vci~ t& 

were quite ab ,:nJ.1nt Mid that part of the f>u lse-hcir,ht 

dis '~ril.iution \;ag statist:icJlly .,,ell dctcrr:lined. !! c'r.co t r.c 

fits were well be~aved . SeconJly, t~c av~ra g e :::ult~~ lic i ty 

and dispersion ~o~ld eventua lly be determined by a di!fcrcnt 

and more reliable method -- Appendix I V -- SQ t he:rc ·~,J..$ r.o 

nceJ to obtai~ t he complete mul ti plicity ~i s tributio~. 

Lastly, re s trictin•; the dom<oin of th-' fit ;; rc:,;ultc<l in a 

much fa~tcr calculati0n . 

Using this inf o r :::ation , t hose evcncs \.lith J er f·'.! ·,;e; r 

prongs were r cmove:d . Th~ resulting dc:ta were t hen a~alyz cd 

to give the multi:Jlic.lty ~. :::: .: 0nt9. <n> a~.c D were ot;'.:air. .~d 

for each of the O spectra u9ing the tuchnis~c d i ~cusscrl i;i 

J\ppcnJ:;.y IV. 

Rc3ults for thu nngular r egion covere<l by the C 

, c-cun Ler were ob'.:ai;icd b:; :n.::-:-.T.ing t'ic in:orO'.\c.l.:ion [rcn tl".e 8 

opcctra. 'l'i'::! rcg i<...n cover<'d by the ::.z !'! c oun t ers .,..;:s 

treated aa in A~.;>cndix VI. For i nfo:r.ia tion on t.ho cc:.:n.Lincd 
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angular region, the 2 results were ndded together. 

The following corrcctiona were npplicd. First, the 

contribu ~ ione trorn empty-target interactions were statis-

tic ally ·rer.1oved. During the experiment data were . regularly 

obtained with the targets rcnovcd in order to fintl the 

background contributions to the data and the effects of a 

posaihly over-efficient trigger. To obtain data on a 

fiyd~ogcn ta~get, carbon was treated aa the "empty" target 

for p<:ily.'.Jthyler.e data. In the construction of targets, 

cnre ~is t~ken to insu•e that the corresponding pairs of 

caroo.-i a:id polyethylene targets had the silJTie number of 

c : ;,:;..>0r r.uclei per- unit nrca. 

The ~·ngulur ·region covered by the II hodoscope neodtcl 

an acceptancu cor.-=ction. 'fho 12 H cou.-iter!I formed a cone 

but there were necessarily cracks between the counters. 

Conslst~nt wit.h the as~u.:1ption used in th'! annlysis that 

there wa b ~o azirnut~al cor-rclntions, the observed nulti-

~Jic lLies were incrcused by a~ amount pro~o~ tional to the 

fr~c,ion of tPc solid ar.g!c not covered. This amounted to 

a ~si corr~ction. 

Th~ poss i bility of hadronic interuction~ in the 3/4• 

of lt.::~.'l in the H counter-a w~s signifiC:ant., but. resul!:<!d in 

only minute·CP~nnes in the multiplicitieo. The hadronic 

·,,ro<:b<.:ta w~r& mcst. l.ikP.ly contained w.i.thtn lr-l)vidual I.I 

couttters. No corrections ~ere applied for thiD effect. 

~ . 

l 

I 
I 
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The calibration of the C counter wo.s systematically 

binocd. The algoritrun used in the analysis (Appendix IV) 

required the knowledge of the average pulse hei~ht o! a 

hadron coming from an interaction of a beam particle in the 

tar-get. The avcrnge pulse height of a bc<ll1l particle waa 

used in this calibration. Particles incident on the C 

counters would not only be counted !Jut n1i~l,t also internet in 

the radiator. Should such an interaction occur, ~ore 

particles \Jtre produced and hence the light output would 

increase. Since beam particles had higher energy than 

those produced in the tar-get, they wo1.1ld also produce more 

secondaries in the radiator. So the observed multiplicity 

had to !Jo corrected upwnrds. 

Another correction nccdQd to ba made in connection 

wlth tho C counter. Consider an int~rnction in the talget. 

7.n general nos arc produced ao well as chnrscd pinns. The 

resulting photons cnn produce pairs in the air or in the 

radiator of tho C counter, These charged pnire will 

incre;:ise the pulse height, leading to an apparently higher 

multipHcity. M;:ildng tho vsstL'nption that the average num

ber of neutral pions is half the number of total chnrgcd 

particlea, the correction factor can be calculated. 

The combined correction from these two competin9 

effects was estimated independently by three people. The 

reenlts were consistent, and averaged J\. Therefore, the 

'. 
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observed multiplicity for the C counter was lower ed by 3\. 

The observed cross-sect ions had to be corr ected for 

t he prcscnco of k3ons, anti -p ~otons a~d fuuons in t ho beam . 

t;ote that t here were effective ly no electrons in the beam 

because of the 4/3 radiation l eng t hs of lead inserted at the 

fi::st focus of the beam. Si nco r..uons did not intel·act sig-

nif i c:in t ly in the t hin tarse t s us c<i , the effect \.Jul to 

chunsc the beam rate . The cffcctd of K- and ~ were slightly 

J:10re co~plicatcd but sw.allcr in ma g nitude. The beam com

position as well ils the estimated K--A ilr.d p-A cro s ~ -scctions 

~~ r e us~d to calculate t he co rr ec tion. T!la c ombined eff ect 

was to ra ise the obse rv ed cross- secti on by 3i. 

Tr.ci r f'ffocts 0 1i t he mult i? licity momenta were neg-

ligible provided t hn t the ;-A, K- A and p-A rau ltiplicity 

dist ri ~ucion s arc no t t oo dis5imi l :i r. Si nce tho f r :ictionul 

contamina tion of t ~c beam wa~ sm:il l, since t he dependence 

of t he ~ca n multipl i city on t he atomic number of t he tar.got 

\o'as we ak and since the \i de pendence of RA appcilrcd to be 

in~epcn~cn t of the identity of t he bciln pa rticle, t~o 

correcti ons to t he multiplicity mor.1c nt9 ;;o..,!d be cstim;:itcd . 

It was les5 thiln ~1% . ~o corrections were il pplicd bccau9e 

the uncertainties in the correction wt.l"e comp:irable· to tho 

correction • . 

Fin~lly, tho data hod to bo corrc c~ed for the low

multiplicity events which had been removed in tho firat 
I 

... 

2 0 

Gtag o of t ho cinalysis . 'l'wo different cippr.oaches were t ak en 

ilnd gave i ncF :; tingl!ish.:.blc results. T !l~ first a :. c;o :: i.ti\.-:i is 

as follo ,h;. i,. ro-:i ~. he initiill se t of fits, the n ·.;: \:~ r o f .; 

prong e vents i .1 <. 1:·;)wn. ·.:: :-c nur:»bc~· s cf ~. 2 and 1 . p:c-r.-, 

event a we re a ssura<..! d to be 1/2, l/4 ilnd l/B rc;r-l!ctivcly c;f 

th1s vc.lu -~ . 

The obs e r ved ~ca n multip licity was used to ci c tcrr. ~na t~e 

value of the parameter ). in th e hy ;: othet.ical :r . .i lti;;lic i t'{ 

This fu~ ~ t ii.o ~~ l f or m is knc~:. ~ r ~it 

numbe r s Of 1-, 2- iJnd 3- ;::.ror.<J C: V~nts ~-: e re - ci Q 'cd to t~. C c ;, :.;a. 

Thia y ie ld ed a new mean m~ ltiplicity, which wa s us c j to fint 

a new value of the parameter ). . 0'l' is p r oc cdt:rc \~11"- re-

pca t ed until a consistent set o f nt:..1\C~ :..:s e:.::-.c r ·; (!'e . 7:~ :- t:.: 

itc ration9 were usual l y s ~ ~f icicnt . 

Ao expected , t he t wo alr_;o r i t h.'T.:l gave c!iffe =.~ nt nca-

be rs of 1-, 2- and 3-pr ong c~ents. Dt:t since they rcp rEs ~~ c 

onl ~' ~ G~a ll fr~c~ion o f t ha absorption c ~osz - ~cc tio~, tha 

cor rec ted mciJn ~u lti ?l ic iti c s were no~ very d i f !cccn t, ~~o 

dif te rcnce wa s t aken t u be an est ima te of . the ~ Y 3 tcmatic 

errors introduc ed in this cor rection. .:t wc..s les s t ha n 3%. 

Finc.lly, the dat iJ f:::or.i diffcrc!". t run3 with t:ic s a r..c 

turgct ma tc r i ;:il w::rc c /.a:n:.nc'.l. . ';.'he mu lt iplicity, c.s ex-

pected, was highor for thicker targets , re!l ec ting e xt r a-
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m'c lci'lr cascadco. This effect "'as eliminated by extr<ipolat

i ~ i ~he data to zero target thickness. Linear extrapolations 

\" !: re \ISed t.hrou<jhout. The error introduced in the extr<ipo

lation proi:0dure \1as also int:orporated into the final 

results. 

It wo~ld be more inforrrati ve to h•ve obtained and 

Pt«?scntrj ~: ; H, r.iultiplicity d.i i; ::ributions inste <l d of the firl't 

t~~ ~ omcnlti. The calcul a tior1 have been c~rricd out but the 

r -:; 0 :1lts have si..:ch Lu9e llncei: t aintieo a3 to rcndor the dis-

tributionP practically us e less. The rea sons are gi ven below, · 

A ~u lti p licity distribution is by definition the 

freq11< ~ e r of h<;Ving an n-prong event where n is any non-

ncg~~ive inte1er. To obtain this didtribution from a 

11 amrle of M e v:.?i.ts, ono n<!eds to 1nako the b. s t:: e s timateo of 

the !lu;nbct s of 1-prong e vcntn, 2-prong c v •n : & ,, nd so or •• 

There arc t'-'O .... ays of getting thio oot o~ ;1umb t! ~s. 

An extension of the technique pre5ented in Appendix IV 

can ~ used to obtain successively hig her momenta of t '.ie 

~ult.i.pl 1.: ity cl!.9tribut ion, These momer.tJ can lll '.) '1 be uoed 

to calculate the corrcspon1ing multiplicity diotrib~tion. 

However, there ~re practical proulcrno, To calculate tho 

n-th ~ultiplicity rnor.ent, it io necessary to calculato the 

n-th pulse height moments 

t ir:n t (x) 
I; f (x) 

! .. 

. I 

·' 

where f(x) is the pulse height distribution. The higher 

multiplicity moments aro progressively more sensitive to the 

region of large pulse height, which io the region where th• 

statistical accuracy of the data is very poor. In short, 

this technique leads to results wit~ large uncertainties, 

which become magnified in obtaining the ~ultiplicity 

distribution. 

Another technique involves fitting to the entire 

pulse height spectrWTI. The multiplicity distribution is 

obtained directly. However, the results of such fit.s have 

er.ormous errors (up to "'104\). Note th11t these errors are 

highly correlated so that the mean multiplicity can be 

determined with much greater precision. 

Even if thi3 difficulty could be overcome, there is 

another ob!ltnclo to bo tackled. Tho above procedures yield 

the multiplicity distribution for the dnto obt11ined with a 

target of finito thickness. This distribution has to be 

extrapolated to zer.o tartet thickness. This can be done in 

sever11l 'Waye. 

The extrapolation can be performed independently for 

each multiplicity. The high multiplicity results take on 

(what appears to be) random values with large errors so that 

they are consistent with any reasonable (and some not-so

re11eonable) extrapolation of the low multiplicity results. 

The extrapolation to zero target thickness of these reeult• 

. . 
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is obviously not reliable. 

Ano:her approach would be to parameterize the dis

tributions and then extrapolate the para~cter values to zero 

target thicknesn. Note that this is a ridiculous procedure 

unl£'ss 3 or r.iore paru.r:'.ctcra arc used. If there are only 2 

parameters, they c;in be determined by the v<:1lucs of <n> and 

0 obtained in the analy9is. ?he entire procedure becomes 

simply hypothesizing a functional fo~m for the multiplicity. 

distribution. In any event, the reDult would be ucnsitivo 

to the functional form assumed for the di6tribut1on. 

, r 

20 

Finding the Average X~ltinlicitv in the H Ho~o~co~c 

To find the av~r~ge a~d t~c dis?ersion of c~e mul

tiplicity distributibn in the angular region covered by ths 

H hodoscopc, one neeCs to irapose certain as&u~ptio~~. In 

particular, a knowledge of the azi~uthill correlations is 

needed in order to correct for the ~ossibility of ~~lti?le 

hit9 in individual countcrc. 

The assumption used in this analysis is that there 

is no azimuthi!l correlation. ~lo justification \.Ji.ll be 

given, but Gcvcral excu ~ cs will be offered. The o~scrv~~ 

azimuthal correlations in proton-proto:-i interactions is 

quite sf.'\all. 71 And since the ll hodosco?c only cov.::r a 

&mall fr<lction of the entire solid a~glc, enc mish: expect 

the effect to be even s~aJ.lcr. ~i1crc is ~ of co~~s~, no 

rea:Jon wi1y the protcn-?roton Cata s~ould be at a) 1 li:~r.: ~~ii'! 

~adron-nuclaus data. The overriding reason for ~aking this 

asot:mption is that it i:; easy to hu:-i<.lle and t!"lc co·r ·rC!ctions 

O~e co~ld off~r a fu=t~cr a~tcr-the-

fact e~cuse. ~he :csultr from the &cco~d ?il~t cf . this 

cxpcriracnt indicutc th.1t '::•c az.im::thal correlat~••n: 11ithia 

, a small bin of polar a~s!~ arc ner,l~siblc. 

Under thi9 asswrption, one cslculatcc t.te proba,:li:y 

that two or :r.o-,:c.. !/Lirtic::..cs will hit tho ::;a;;,o cou~.t::oc. O;-.e 
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' can then find, on the average, the multiplici~y distribution 

that gave rise to the observed frequency distribution of 

struck counters. 

The for~ula for the above-mentioned probabilities 

1..-ill be derived. Let P( r ,n) be the probability that n 

particles, distributed randoraly, will hit r out of N 

cou~ters. N has the value 12 for the case under conaidera-

t.i.on. It will be ahown that 

P(r,n) .. __ N_I __ _ 

(t: -.:)!Nn 

The proof proceeds aa fellows. 

In distributing " pc rticles ran3omly int~ N boxes, 

n NI 
there arc li 20G::i ib::.e 011tcmcs and there aro (N-r) 1 rl ""aY• 

1{ ?'eking ~he r strucr. items out of N. So the desired 

ptol..>abil Hy is 9;.ven by 

r(r,n) • 1 NI q(r) 
Nn (N-r) I rl 

1oth'?re g( ~ ) • tho n=ber of ways that n particle;i -:on hit all 

of the r r ; ven counters. 

Now let h(j) • J" • the ;1wnber ·o~ l''aya that n 

partit:les can hit any combination of d.o r qiven counters. 

Then 
r-1 

g(r) • h(r) - i; __ r_J -- g(r-j) 
j•l (1·-j) I j I 

.. 

I . 

I 

I 
I 

I 
I 
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Dut g(r-j) can be written in a similar aeries. After col• 

· lecting toms, one obtains 

r;l rl (-llj 
g(r) • h(r( + L - h(r•j) 

jcl (r-j) I jJ 

rI-1 (-l)j rl 
• (r-))J j1 (r-j)~ 

)"'O 

Therefore the required probability is given by 

r-1 
P(r,n) • 1 NI & 

Nn (N-r) I j•O 

lm equivalent recursive formula can be deri'lcd as 

bolo~. If the first (n - 1) particles had alrc~dy struck r 

counters, then the last particle would be required to hit 

one of those r given counters. If tho first (n-1) particle• 

had struck (r-1) counters, then the la~t particle is con

strained to hit ono of tho remaining counters. Any other 

combination of hits by tho first (n-1) particl~s would lead 

to an outcome different from having exactly r struck coun

ters. Therefore, 

P(r,n) • (~)P(r,n-1) + (N-~+l)P(r-l,n-1) 

Since P(l,l) is obviously 1 and P(r,n) is zero 1othenever r i• 

greater than n or ~hen eithor r or n ia non-positive, this 

.. 
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recursive forn:ul3 can be used to generate all the deoired 

P{r,n) 'a. 

For N Q 12, and r and n not exceeding 12, the values 

ot P{r,n) are giver. ' n Table A-VI-1. 

For the first part of this experime nt, there wo.~ no 

information on the frequency distribution of struck counters 

beyond 7; and for the second part of tho experiment the 

di atri ~u ti on cnc<'"J at 12. Except for this on_e dif f erenco, 

tho corrections ~ere applied in i<lcn~ical fachion, ~o only 

one case will be discucscd. 

Consider the second part of the e xpe riment. If the 

assur..p tion of no azimuthal corrc lationc is correct, then 

the observed frequency distributions of struck counters iG 

simply the (matrix ) product of the probability P(r,n) and 

the act ua l multiplicity dictributions. In this case , both r 

and n ra ng e fro:n 1 tc 12. llcnce, the invarse of the 12x l2 

;;-..atrix P(:::,n) i;iultipli ed to t t'.o ob Ll 2r ved frequency distri bu-

tions of &truck counters ~ill give tho actual rnultiplicity 

di s tributions. It is the n straisht forward to calculate 

the rn0~cnts of thia mu l t i plicity <ll ~~ribution . Note that 

the inve rse of P(r,n) needs t o be calculated onl y once, It 

is possible (though extre~ely t edi o~s ) · to ~o ~~is inversion 

by hund, anq avoid tile inaccurucies that arc incurred when 

tho inversion is done numerically DY a co~putor. Tho 

im;>ortance of thi::i point b.::cor:.es obviouo wh .:! n ono inopecto ,. 

the matrix P [r,n). Its cl ements differ by many orders o! 

maguitude, precise ly tl-.e situation whe:\ corr.putc rs are rr.ost 

prone to round-off errors. 

The drawback of this technique is obviou~ it ts 

impaasib le to r ecove r any infor~~ tion beyo~d n • 12 as the 

al<;or ithm is cons tr a i.ned by the total nwr.bc r of cour. tcr s 

available. In other words, having made 12 mca~urc;ccn~s, iC 

ia imposcibl e to ju')glc these ni.:.mbc rs to obt:.:iin :ncre .. than 12 

indc;:>cndcnt nu.:~bcrn. If onu .:is~:a:ncs so:ca azi:nuthal cor rela

tion or if onc:i us.;uncs co:ne functional forn for tr.e r.hi l-

tiplicity d istrib~tion , then it is ?ossiblc to so bayoGd 

n ~ 12. 

A check of this ne thod was available in tho second 

part of the experimen t. Evc n t-by-~vcnt i~fo1mation ~~s 

avnil~ble here. Treating t ho H hodosco pe cx~ctly ~s one o! 

the ring - ~hapcd hodoscopc~, its frcsuency distrit~tion in 

the 322 bins was fitted . The recult s ~ ·~ indisting~i shajlo 

from tho~o cbtaine<l ucing the aigor ith~ pre~ c~~cd tcre . 

i.'u r details of tt.o algorith.11 used in analyzing t:he r.!.ng 
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APPENDIX VII 

The Average Multiplicity in a Ring Hodosc0pe 

The construction of a ring hodoscope is illustrated 

in Figures IV-3 and IV-4. The two layers of 6 counters each 

resulted in 12 distinct equal-size azimuthal bins. In any 

given event, each counter might bo on or off, leading to a 

total of 212 possible outcomes. Invoking rotational 

symmetry (by integral multiples of 30°), this number ~o..s 

reduced to 322. Reflection symmetry would have reduced this 

number even further, but it was ignored for computational 

ease. Therefore the data for each ring hodoscope were 

represented by a 322-bin frequency distribution. 

In order to find the average multiplicity in a ring 

hodoscope, one needs to allow for the probability of more 

than l particle incident upon the same azi~uthal bin. This 

was done by asouming that there \\nS no azir.iuthal correlation 

within the pseudorapidity range covered by a ring hodoscopa. 

The reasons for this assumption are the same as those 

offered in connection with tho H hodoscope -- ~ee 

Appendix VI. An after-the-fact excuse can also be given. 

The fits detailed below yielded chi-squared per degree of 

freedom close to l, indicc.ling t:1at the assUJTlptions wqre not 

outrageous • In any event, it is only reasonable that. the 

earoe· ns&urnption be used throughout the analysis. 

.. 
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Under , the assumption of no azimuthal correlations, 

single-prong events were generated. Their representation 

in the 322-bin histogram was recorded. Similar histograms 

were obtained for higher multiplicities. The possibility 

of delta-rays was also simulated. Since moGt de lta rays 

were not energe tic cno~n,h to conplctely penetrate the front 

layer of the ring hodoscope (a 3/4-inch layer of luci te ), 

they ~·ould only register in the front l:iyer. Ito signature 

was different froc that of a r e lativistic hadron which would 

be co un ted in both layers of the hodoscope, Y-rayri produc

ing e+-e pairri in the front l aye r would not trigger the 

front counter-ii if tile conversion occ11rred too deep into the 

luc il.~ radiator. However, tho resulting pair would tr iggor 

the back layer of scintillation c ounte rs, leading to a 

different signature . These npuriou3 aig~als were aloo 

simulilte<l. 

The observed 322-bin frcciucncy distribution was then 

fitted with a linear superpoGition of these si~ulated events 

anj t~c simu lated spurious ~ignals. The r.um~er of types of 

events allowed in t.hc fit waJ increo&cd until tho chi-

squared per degree of fr eedom no longer dccrca5 e <l w~th an 

additional type of event. The average multiplicity and its 

e:ror were then co~putcd. The quDlity of thoce fits in 

illuatr~tcd in Fi~ureu A-VlI-1 ond A-VII-2. 

Tho chi-cquared per den,reo of frcadom rcngcd from 
r 
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0rproximatcly 1 for l cw-rnulti?licity data to 2-3 for high

rnultiplici t~ · data. 'i')·,is is <.t reflElction of the in.::.bilily of 

the apparatus to resol•e a large n~":\l:;2r of partici~s. 

When the. statist!~al accuracy o~ the ~~ta wa& r~or, 

e.g. for kaon induced e ven t s , the 3~2 bins wnrn vc~y 

sparcely pc2ulatcd anct the resultin~ fies were unreliable. 

Thio was ovc:come by rc~inning the data into a 73 Lin hl6to-

grilffi. The r eb~n:-. ir.g rn:oc;e,:lure was guide:..l by t.Le high 

c~atistic:s dLta an~ tte i r fits. ln t: .e h~sh stJtistics 

cgual frequc ~cy and wcr~ fittcC by the: sa~~ ~inear co~b in 3 -

tion of the Gimulated cvcnts. ~hc3e bir.s were gro~ped into 

one single bin. To check t.he validity of this proc~d~re, 

small sa~?leo of t he h i gh st~tis~ics da:a w ! r " u sc J Jr d t~cy 

otnndard procedure a~plied to the entire hig~ 6tati s tic~ 

run. This procedure wae used for all tho Y. .c. on and ar:-;i

proton data as well as the data on ~+ at 200 GeV/c L~ 1 t.he 

proton da t~ ut SO GoV/c . 

As ~i~cus!:cd in the section on t he C co~ntc r, a 

fitting procedure invariably lead5 to some negative values 

for thd frcgucncy o! some tyres o: cvcr1ts. This co;1..-:-. c:-it 

to put a ponit.iv~ty co~~tr~int on t.he f1tt ir.~ proc c~ urc . It 

ohould, however, bo noticed that ~hcso ncgot~vc values 
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. typically had errors that were ~t least 1006, i.e. they were 

consistent with ~ero. Bec~uce of the high de~rcc of corre-

lot l.011 JJ:"'£>11g the many fitted vnluo :i, the: error on the 

i.n·:.-a<;e lilUltiplicity was ur,J.~lly qu.'..te L.~J<-11, 1-Si. 

I 
·1 

- - -
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FIGURE C/\P'rI ONS 

The average multiplicity in a ring hodoscope ns 

given by the algorithr.1 discussed in the text as 

'I 

a function of the maximtUn multiplicity per event 

allowed in the fit. For this particular sarnpla of 

events, 7-prong events were needed to obtain an 

accept able fit for the first ring hodoscopc (0) 

while a-prong events were needed for another ring 

hodoscope (6). Some typical errors on the fitted 

average multiplicities are shown. 

The numbe r of events of a given number of prongs 

that are needed in tho fit as a function of the 

maximum multiplicity allowed in the fit. Some 

typical error9 arc shown. These errors are highly 

correlated and aro not fair estimates of how well 

the fit3 were determined. 

(a) 1-prong e vent s 

(b) 2-prong events 

(c) 3-prong cvent9 

(d) 4-µrong events 

(e) 5-prong events 

(£) 6-prong events 
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APPENDIX VIII 

Correction 3 to the Data (Part II) 

For each individual run, the missing 0-, · 1- and 2~ 

prong e••ents were first corrected for. The number of such 

evento was ·estimated from the difference between the known 

nboorption crosa-sectio~s 19 and the meas ured ones. The 

latter have been correct ed for decay in flight, muon 

conta~ ioation and doubly-o~cupied "RF buck~ts." The mag

nit~~ c s of these corrections depend on the type of beam 

p articl ~ ~nd on its rr.omcntllI!I. They are su~~arized in 

":,1:; l<: /\-VII I-l. Those runs that r-equire corrections of 

<_re.,ter t ~< n ap;iroxL'l'ately 10\ · 

further an <l ;_ysis. 

we.,.e·. removed from 

T he missing events were " " S'..111\cd to havu an avercge 

multiplicity of 1. 25. ':'he error introducr'?d by this assump-

t i on ~'a !. _, :J:: .\:nated by insp<:"cting the results one would h;ive 

.;L t..d ned had one as !3UI'.1Cd an ;, ·:erilge rnul tip ~.ici ty of O. 7 5. 

'Ini,; =?.nged fr.o::i about 31 for the data on liydrogcn target 

to ~bou t C.31 for the data on Uranium target. The der.rcase 

nf tl'lE: error with the . atomic number of the ta~·g ·~t is due to 

th~ ~u~· that the D-, 1- and 2-prong cr0Fs-3c~tions ' become 

J.nn·· ? ~ ningly i"Pignificant comtiarcd with the absorption 

crci;!l-N?ction. Tho r.rroro rcsult-ing EL·om t ' 1& uncertainties 

in ~ .. '1e krA'wn aa well aa 111easured croso-ae~ttona were also 

.. 
·.' ' 

I 
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taken into account. 

These 0-, 1- and 2-prong ~vents were further assumed 

to havo the same pseudorapidity distribution as the higher 

multiplicity events. This assumption is almost certainly 

incorrect, but it wns used for want of a better one. Tho 

low multiplicity events in a sample of hydrogen bubble 

chamber data 46 were examined to eotimate the effects of 

this prescription. The poeudorapidity distribution of these 

~vents have a depleted central region. Even though the 

distribution is quite different from that of the higher

multiplicity events, their lower cross-sections ma~e their 

effects on tho shape of the pscudorapidity distribution much 

less noticeable. Tho multiplicity of each p~eudorapidity 

bin is expected to be affected by less than 3\. The~e ~ 

dependent errors have not bee n incl 11ded .lr. the tJ.b;,ilntcd 

results or in the figu r es. This proccdur.e is eq'Jh'/\lcnt to 

keeping tho pscudorapidity distribution unchanged in shape 

but normalizing its area to the corrected average multi

plicity. 

This correction was perfor.11ed run-by-run. Then the 

d~ta with the s~me target material were grouped together. 

For ea~h pseudorapidity (or angular) bin, tho average 

multiplicity was cxtrilpolatcd to zero target thickness to 

eliminate extra-nuclear cascades, y-converaions in the 

target and the production of (energetic) delta rays. 

.· .. 
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The data from the 3 different geometries were then 

combined to qive the fin<i ~. re.;ults. This was done as 

follows. The data from ea ch position were first smoothed . A-VHI-1 Correctio~9 to th e observed cross-6ections. Tta 

For a given range of n1 t h~ pseudorapidity distribution fluctu~tions in the corrections for the effects 

d:l/dri w.is approxi r.ia ted by a quadratic polynomi;il in n. Thie o~ doubly occu;iic9 RF buckets are due to 

polynonial ~as constrained to give the measured average acce!rrator running conditions. 

multiplicity for that pseudocapidity bin. Its end point s 

were required to be tho~given by the ave r.ige values of 

.o:l/.1ri of the bin under consiccration and itG ncigh!:>oring FIC:U i1 C. Cl\?'!'IO:IS 

pseudorapidity bins. Sec Figure A-VIII-1. AD, OF and HI 

arc the pseudorapidity bins of three adjacent sets o f A-VIII-l An illustration of the proc0dura us~d in 

hodoscope a. The heights are the values of .ON/.Ori a ssociated ap;iroxima t ing the pse~dorap i~ity cistribution 

vith these bins. Cons ider t he centra l bin. The smoothing with c: ·..iM~ r.:11;ic fOlyr.cnia ls. J\D, D? ar.d .n r:. 

' " alc; o rit ;.;:i ino.tructs one to f.i:id C and G such that they aro o .f: ~ :....:.:. 
[, r, c il:".d .:; a:-c 

the mid?oints of DD and FG res pec tively. CEG is the the raid - poin t s of DD .:ind FG r C5?CCt ivc ly. Tte 

q\ladratic polynornL:il which er.closes an area cqu11l to that gu~ci ratic poly~omi.:il i ~ given ~y CEG. ?~c 

under DF. This GU3dratic is unique. This pr ocedure w~s 

re?eated for all the pseudora;?idity bins. The result wo.s an of the algorit~~ . scu the ~ex~. 

approxim<ltion to dN/Jri which hil.'.l the correct observed 

average multiplicity and WCIS continuous in value but had 

several discontinuities in its 3lo ~o. The three different 

a;ipro xi:r.a.tc forms of dt:/dri obt.:iir.cd f ro m the tchree different 

geometrics were then averaged to yield the final pseudo-

rapidity distribution. The average multiplicity is given by 

tho area under tho curve. 
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Tl\DLE A-VIII-l 

Co rrections to t he Ob~ crvcd Cross-Sections 

.E!fc c t 

i<r.:>i. ·.'C< vy 

Huon contamina-
ti.on of pions 

00·1.1l y-·.>e·c:upied 
Rl' • :,u-:f:ets ~ 

Bevm Condition 

50 GeV/ c 
100 GcV/c 

50 GcV/c 
100 Gr. V/ c 
200 ·~ e V/c (positive) 
200 G<J V/c (ncg.:itive) 

3 10 4/350 rn~cc spi:l 
l l0~/350 ms cc spill 
J l0"/ )50 rnsec spill 
!i 105/JSO rnsec spill 

.l. 3 lC6/350 maec spill 

Correction to 
Cro::;s-Sc ction 

+5.Ji 
+2.51 

+l. 2% 
+l. 5 1 
+4.4% 
+0.5% 

+o.s to +LS\ 
+l to ~ · 3\ 

+3 to +7\ 
+s to +lv l'. 
+8 to +20\ 

- .. ... 

J I 

. ' 
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APPEN!:IIX IX 

Emulsion 

The composition of e~ulsion is given in Table A-IX-1. 

Since emulsion is a comp 1s itc object, there ia a need to 

define average quantitic c . Any qu~ntity f, averaged over 

Ule con6tituents of emul c~on, is given by 

where n1 is the (relativ_e) a bcnd.:rnce of the elemont of 

atomic number A1 • Thus emulsion has an average atomic 

number of 32.9. 

The avcr .:-.;ing over th o con!:.t.itucnts o f cmul1>ion has 

to be carried out differently if tho quantity . f is only 

defined when thero is an intcr<::ction, e.g. tho average 

multiplicity and t~e quantity u. Seo Appendix I for details 

on v. ~ho averaso ia now given ~y 

where oi is the absorption cross-section of the i-th species 

of nucleus, Carrying out thia avcragin~, ono findo that 

the avcra9e number of mean frcp puths :een by incident 

; . 

267 

hadrons "-!"e 

1\n effective atcmic nu.":lber of 21. 5 is need ed to pi.:t 

tho ?roton-cmulsi on u!.:..5orption cross-sec tion o :l t!-'.!l line; 

46.51\0 • 691 , the best fit to proto:l-nuclci.:s ~bsorp~i on cross-

sections. Sirailarly, one needs to use an ef fcc~~vc ~tocic 

nwnber of 22.9 in orde r to p luce th~ pio:l-enu lsi on a~~o=p

tion cross-section on the line JG . 7A0 · 728 , the bes c ~it to 

pion-n~clcu~ absorp tio n cro~s-scctions. 

Emulsion h~s b~en used for ma ny years in h~gh energy 

phyaics, rv::it- h in a : c:?lerators and with cos ;n ic r;:,. yo., The 

cmu lyion ~urvc ~ 6~mult~ ncou £l y ~s a target u~d as a dct~ctor. 

An intorac tion 0ccur:.; within the e::-.ulsi.on s::c .:':, 2~. :i d;c! 

res~lti ng charged part~clcs ionize the e ~ul si cn a~c lc ~vc 

trackn , which 11re r enJc r cd visible by a d~vc~o ~~c ~t ~ : ~ccss. 

These trac~~ can then be scanned ! or and mc~sure~ un~ ~~ a 

micro !i_.copc . "i'hc:;c la :; t two pr_:,cccures arc r.ct ur.l::.kc those 

in bubble cha. -d:~:! r o :Llc r irr.c:i ts. 

Tra cks arc usullly d~v-dcd into two nain ~)tcsor~eD• 

tho oho;.·or tr.<:ck~ a.nd t ho hce.vy trcc lu;. '!'ho f c;:-u ,: ~ro 
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track~ wlth relatively low ionization, corresponding to 

velocities of B > 0.7. The -heavy tracks are those with 

hc~vier ionization. These latter tracks are sometimes 

further nubdividcd into two groups: the gray tracks and 

the black track3. Tho demarcation corresponds to s • O.J, 

The shower tracks ~re generally believed to be mostly pions 

with an occaaional fast proton. The heavy tracka are taken 

to be alow recoil protons and nuclear fragments. 

The n~~ber of shower tracks in an interaction is 

den oted by the symbol n
0

, while the nwnber of heavy tracks 

ii! <lc:1otcd by Hh. /\Vera-;es nre give n by the Silme symbols 

1 ~ a:1 g le brackets, thus ens> is tho average shower track 

mul tip lici ty. 

It nae been e xperimentally determined that the dis

tiibution of ~h is esGentially independent of tho beam 

energy , prov •dcd that it is above approximately 10 GeV. 

This fact i3 usuully int~rp1: 1"? tcd to mean t.hat Nh is a 

rea;onable measure of the identity of the strur.~ nucleus 

and t'i~ !:.:;verity of i mpact. Ho.,;cver, it should be cmphaeized 

~J1<1t c•~ present then:1 in '.'le> technjqu"! which can unambig1.1-

ously identify ~he target nuclcuo on an event-by-event 

~he typical Nh distribution7 is ill~ s~rntcd in 

F'cure A-I .C-l. 11.:ilf of the events have N
0 

greater than 7. 

.Since the qroup of light nuclei ~n emulsion (C,N,O) have no 

-

. I 

I 
I 

1· 

I• 

,. 
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moro than B protons each; the event~ corresponding to theaa 

nuclei are expected to populute al~ost exclusively the left 

half of the distribution. On the basis of known cross-

sections, one expects the light nuclei to be involved in 

only 25% of the interactions. Thus one concludes that the 

heavy nuclei (Ag,Dr) also contribute significantly to tho 

region of Nh less thun 7. 

One could find the average shower track multiplicity 

for soma given value of Nh. The result is a plot of <nS> 

versus Nh' It haa been observed that the data with bean 

energies ranging from 10 to JOOO GeV c<1n be well ap2roxl

mated by a family of energy-dependent straight lines. Thia 

fe<1ture is reminiscent of the dependence of the average 

multiplicity on ~ in inter<1ctions of a h<1dron with targets 

of fixed atomic number, It is therefore tempting to postu- · 

lato a o~e-to-one corr~~pondence between Nh a~d v, However, 

no such one-to-one correspondence has been established. 

Care ought to be exercised in comparing the results for some 

definite and nelccted v<1lues of Nh with data from experi

ments where t<1rgats of fixed atomic numbers are used. 

The ohower trucks in emulsion h<1ve a velocity cutof! 

simil~r to that u~cd in this experiment (8 > 0.85). In 

comparison with emulsion experiments, only the shower tracks 

are considered. The term "emulsion experiments" will be 

usnd to denote those experimanta where the emulsion served 
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both as the target and tho detector. Hence tho data from 

this experiment with nn emulsion target would not qualify, 

Emulsion experiments hc.·10 several advantages ovor 

conventional high ener1y experiments. First, no other 

equipment is necessary, thus gx:-catly simplifying the exper-

i:ncntal setup. Until recently, no other cq:iipmcnt was 

used. Secondly, its com?actne:::s lends itself to high

altitude balloon ex?erimcnts, which provide data on very 

high enersy interactions -- 10 TeV proton-emulsion intcr

action9 arc seen f6irly routinoly, 72 ~hile present-day 

accelerators have yet to exceed 500 GcV. Thirdly, tho high 

spatial resolution of emulsion {of the order of microns) is 

invaluable. It can be used to detect short-lived part

icles. 73 It can also be used to give a crude determination 

of moDenta ~ithout the aid of magnetic fields -- the 

~easurcd ~ultiple scattering ar.d tho known radiation length 

furnish an estimate of the rr.omcntum of a particle. l\ttempta 

have also been made to measure rno~enta by undertaking the 

ex?Quure of the crr.ulsion stack in th,:, pres e nce of a utrong 

external magnetic field. 74 

However, it is not without drawbacks. Because of 

the comFosite nature of crr.ulsion, it is extremely difficult, 

if not ir..possible, to d.::tcrmino the identity of the target 

in any one given interdction1 even though one could stntis-

tically separate the events into the ao-cnllod "light• 
f I 

(C,N,O) and "heavy" (Ag,Br) ~rou~~· 
36 Rccertly, p~llets a~d 

wircs75 of metals have been eucce:::efully inserted into 

emulsion to remedy this. But success has only been ""' ::. "' ;_th 

a few metals, e.g. chromiu~ and tunsstcn. These foreig~ 

objects de grade the spacial rc:::olution in t~c vicirit~ of 

the interact ion -- the pc lle ts arc u:::u <.. lly of d i...-. ~asio;is 

greater than che re so lucio~ of emulsion. Sec Fisurc l in 

Reference 36 for an example of a proton-tungGte~ i~~cr-

action. 

'l'he statistics Li emulsion ex2cri.mcr.t:; ar e usuall¥ 

quite poor -- too many beam crack s would. nakc it difficult 

to :0cate interactionu and measure the prC?C ! tics of the 

scc'>ndary particles, T:-.e nu.r.,bcr oi even to ra.1c:;c :rocJ le so 

than 100 (as in pellet-cmul:::ion experiments) to sLvcral 

thousund. 

energy j s poorly dcte ::mined. :::s:imatcs 'Jr. the ave::.:i<;e bea:n 

energy can be m~de, but the projectile's cn~r;y c~nn0 t Le 

unkno;m incident energy is, of c o1n!le, c o;r_-;ion to ::-.0:. t co~roic 

ray cxpei:-imcnts , land t~scd a s well ns balloon borne. 

The re is 0;' 0 point <Jbout the data f:co;n e;-:'.Llo;ion 

experiments tl.a '.);;g'lL t..., cc i:w..,stig<i .:cd in 9rc.::cer C:cl:..,l.l. 

The data from emulsion experirr.cnts inc.lude t::c v::.l\: c J <.;f 

Nh anu n
9 

for each event as well aa tho pseu~orapid_•v 



: . ... 

J ' 
272 273 

(n • -ln t~n(o/2)) of each of the shower tracks. Ona o! the 

mori:- intcti:,sting. result!l is the observation tha :·. in the 

:::-c<;;i o r: , > 5, the av ,! rage shower multiplicity <nB> is 11 

clecucu sing fu:'lr.tion of Nh. 52 And sii.cc Nh is of ton used as · 

a g •~ll' •! to lh•.! identity of 'c!1e tarqet: r.ucle"o- it is there

for e tempting to conc lude that one ouc;ht ' .o f> CG a similar 

decrease in shc·.;er tra1 i< multi plicit;• as the a~:omic number 

of tl1e tllrget incre.:ises. 

dN d r, rn , h;.:droge!C). Note that in emulsicn experiments, 

•hydroqcn" refers to thos~ events whcro N~ is not greater 

than 1. Tl;o d,,ta can be paramet.-rizcd by 

~or 200 GcV/c i ncident protons. 53 For Nh • 25, this ratio 

is about 1/2, indicating that the pscudornpidity distribu- · 

tion of Nh • 25 events is only . half the height of tho 

corres~o ~u ing p-p di s tribution in tho neighborhood of 

n • S.S. 

'l'o e s timate the e·ffect that one might ex pect in 

reactions with a definite nuclcu9 (but with no further 

•1>:?pa.r"l. tion of the data into different groups of Nh), on~ 

c~~ld ma~e use of the Nh .distribution (Figure A-IX-1) and 

~'l(l fit tO the ratio rCn,Nh}. r(n,Nh) has been parameter-

1zod in the form 

53 
where a!nl and b(nl are shown in Figure A-IX-2. 

Assuming th.:it the Ag-Br data · is that estimated by 

Bnbeci:i7 -- also sec Fi<;ure !l-IX-1 -- it can bo· sho1r.1 that 

avernged over all the (Ag,Br) data, r ~ 0.9 at n • 5.5. 

n n 5.5 is where the value of r is smallest in 200 GeV 

proton-emulsion interactions. One can also calculate the 

value of r at other V3lucs of n in the range 5.3 < n < 7, 

the highest pseudorapidity bin in this experiment. 6ummin9 

tho results from the entire pseudorapldity range, one 

obtains an estimate of r greater than 0.95, i.e. the 

ave rage multiplicity in a proton-( Ag,Br) interaction is 

expected to b~ no more than 5\ lower than the proton-proton 

average multiplicity in the region 5.3 < n < 7. 

Two more ob 5ervat.ions are in order. First, the 

so- called proton-proton eve nts in emu lsion experi~cnts are 

renlly_ Nh ., O and .l events. In other words, tho denominator 

in the expression of r(n, Nh) does not necessarily corres

pond to the rc9ults of proton-proton interactions. 

Secondly, the nurr~cr of low Nh events included in the Ag-Br 

sample io no more than a guess. If one inspects the v 

distribution -- Appendix I and Figures A-V-l and A-I-2 

. . 
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one might reasonably conclude that the number of Nh Q O and 

l events in the Ag-Br sarr.210 has been underestimated by the 

method of Oabccki. 

Thus the concluoion of this rather protrftcted dis-

cu~sion is that on the bania of cmul3ion data and Gomo not 

unrea~onable guesses the multiplicity in hadron nucleus 

collisions is cx;,ccted to l:;e a?proximately the sam.:? as in 

proton-protcn int0ractions in the region of 5.3 < n < 1. 

The data from this experiment for the range 5.3 < n < 7 

arc shown in Fi<Jure A-IX-3; the aver:;:igc multiplicitJe,J are 

consistent with being independent of ~. Prcli~inary results 

from an optical !lpark ch.1:nber expcrirr.ent 76 uaJ.ng targeta or 
definite atomic n~cr arc in agreement with tho oboerva

tions of this experiment. 

r 

-- -

A-IX-1 

A-IX-1 

A-IX-~ 

A-IX-3 
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Composition of emulsion. 

FICUl1F:: Clli'?IO:\S 

Nh distribution for 25 to ~00 GcV p~~ton-E~ulsion 

colli~ions. The nc~~crs a r c from Reference 7. 

The fitted values of a(n) and b(~) in t~~ 

formula r (n,:lh) ~ a (nl + bin) i:h. Tr.e curves 

are from Reference 53. 

Th~ av·.r:J gc multi2licitics mca~urcd in this 

c~~2ri.~c~t f 0r th~ rc 0 io~ 5.3<n<7 at ~O GcV (0), 

100 G~V (~) ~~d 2n0 GcV (C). 

(a) Pion bc.!~1 

(bl P:::oton bca:n 
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'." !.BLE A-IX-1 I 
Compo5iti~n of E~ulRion 
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FIGURE A-IX-l 

Nh disrriburion tor 25 to 200 GeV 
p· Emulsion collisions 
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FIGLlRE A-IX-2 
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FIGURE A-IX-3 
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HYO?.ODY!.;A~IC V.ODEL 

The hydrodynamic modcl 1 ' 67 •77 •78 •79 • 80 d e!;cribes 

\.he dynamic~ of hadr0n-hadro11 interaction through d11~ir 

encra;- r:-.o;;-,cr,t.c1 ten:;or. It is a s sumed that the iI:ll11cdiate 

rr • ul~ J f a collision is a stationa r y (in t ~ ~ c e nter-of-

roae e fre r:ie) flat disk of hil<lronic milt t cr of v ery high 

tc~perature, the value of which is determined by the initial 

h.:dron energies. The volume of space that thia ha<lronic 

11\ :. n~r 'l <:: c •ipies is a <il.sk of thicknes& equal to tho tr..:.cknesa 

of 2 Lc:•!ntx contra r·':ed had rons. Thl.s highly compressed 

h.:!dror:ic ir.att~r t ,, -:; , ex; ands accordins- to the laws of 

(relativisti c ) hydrodyna~ics and cools do~~ oir:iultaneously. 

There is, by a~sumption, no viscosity. ns the temperature 

reach~ a no;"o critical value, pion s condense out of this 

hadronic r..,1 •~er. 

Most of t he calculations have been carried out for 

the o n e -dirncn~ional version of the model. Tho relativistic 

hydrodynar:iic equation in three dimensions is very diffi

cult to solve and , in general, req uires complicated 

nU1:1erical calculations. It is argued that the one-dimen

sional r.odel ia not unreasonable . because the initial 

ccmp::easion takes placA longitudinally and the presauro 

~rcdient i1 therefore anisotropic. There is little or no 

.' ' 
•,' 

l ' 281 

transverse cor:iprcssion. Within the context of the one

dimensional model, transverse motion is due to the therroal 

motion within the hot had~onic mass, which leads to an 

exponential p~ dependence. 

There are two free parJ.r.letcrs in this theory. One 

is the speed of sound in nuclear matter, usually given the 

symbol c
0

• It is specified once the equation of atate is 

9iven1 

where p and E are the momentum and energy densities. The 

other parameter is the critical temperature at break-up,' 

Tc· In the original version of this model put forward by 

Landau, 1 the equation of state is 

p • ! E 
3 

0 

which is tho same as for black-body radiation. It follows 

that.the speed of sound is given by c
0

2•1/3. The breakup 

temperature is assumed to be of the order of the energy 

denai"ty of a physical pion. In other words, when the 

hadronic matter has expanded to the point where its ener9y 

density becomes comparable to that of physical pions, 

pions are expected to materialize. Indeed, the lawa o! 

.. 
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hydrodynamics cannot be justifiably applied after this stage. 

In 5UbDequent works by other iluthors, dif fercnt cqu.:itions 

of state aro sonetimcs ascurncd. Others lc.:ive c
0 

as a free 

p3ra.1:1ctcr to be detcnnined from expcrirn.:?nt.:il dilta. 

There arc two prominent predictions of the hydro-

dy:iJJ:lic r.odel concerni"g proton-proton collisions. First, 

the average ~ulti?licicy de?a:ids o:i the cc~t~:-of-mass 

energy to some powar1 

~n Landau's original version of tho rr~del, this becomes 

<n> pp 

?he proportionality constant i6, as far as c.:in bo ascer

tained, incalculable. 

The other major prediction concerna the rapidity 

distribution. Tho hydrody:i~mic model predicta a Gauooinn 

shaped rapidity distribution. In Landau's version, this 

distribJ~icn io ~iven by1 

,~~) 

dj pp 
""" 1-y2 72!.) .. <n> ~ 

pp (2rrL) l :/. 

whore L "' -2
1 ln ( 2.... J 

.:.m2 
p 

and y m ccntcr-of-n.:ics r ~pid ity. 

The avcr.:i gc multiplicity in proton-proton collisions 

cnn be fitted by 2c 114 in the energy ranc;e of 50 to 10:)0 C1.:V. 

In othf)r words, r.~r.dc.u'~ as0u;.·.ption of c, 
2

=l./3 is f.ivvr.t::j. 

How..:ver, ti; is speed of sound lc;id;; to ::r.c a..>0vc :oc::-.:.: 1:1 for 

tho rvpidi\y disl:ribu':iun, ....-hich is .ir. cii::;.:ic;.·c'-';:-icr; t ...-'.t:!1 

the d.:- t1 from the CC:Rl'I In tcrr;,:,cl:ing SLorase Rir<'J (; ~ ; ;<) c,:i 

the width of the rapidity distriLution. The d;ita =:in be 

fitt ed much Lc·tl:cr h~· a Gaussi.:in ....,ith a \Jidcr '.lic!r:h. Cy 

allowing the brA • k•P te~pcraturc Tc to be a free ~~r&~cccr, 

Anclernson , Jurl:.k"g <1n l ua ;;19J.<i rd 71 ;;chie11ed a !""ome ·.;haL 

bolter fit wi th a si~gl0 speed of ::;ouncl. 

i nconsi stency cc. :~ only cc reduced (!.:>ut no~ eli: , ir.ii~<: ·~ ·1t. 

the expcnce af limiting the range of rapidity and trans

veri>o momentum where the corqiaricon is rr.w.de. !h.\.::: i11 not 

very satisfw.ctory. 

The r.10dcl _-;,n ~" e.p?lie•'. ':o \wdro:i nt.:eleus col:i-

sions. As viewed in the laboratory, the first ~1·~rn-

nucleon collbion prodc;Ce!l a Lot h:idronic m;i:;s ...-hich goes 

forworJ anJ intc~c.cts with other nuclcon9. Since ~he 

1 
cxp:insion ti~c is long co~~a:ed ~ i t~ tte tr~n~it t i~c 

between collisions (at ...,100 CcV), the su:is cc;·..ient: _;.tcr-

nctions aro between nucleonD nnd a ulightly cxp.:ind cd tct 
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nadronic mas3. A new hot hiluronic mass ia generated at each 

coll.ioioa. 1\fter thc la~t collinion, this m11s~ i!J fin'.lll.Y 

allo· ... cd cncuqh \ .!.I:lc t:r exp;ind to the po.int wh~re pions 

cr:a · .. c .n " ... c:u t. 

On H.e baa~a o" Landau's hydrodyn1Jnic m'.)del, it ha .: . 

be2n predfctcd 77 that RA""A 0· 19 , wh P.rc A is t~e atomic number 

cf the L • .s e t. 'l'hc qui; .itity RA is expected to f> e inde;:>cn

d~nt of encrcy. This i s in ap parent disagrcemcrt with the 

d.iU. 'll''.1ich .:;hu.., a we ak Lut definite energy dependence. 

Til e hyo .. cdynami:: model has r.:i provision for the 

CO r\<; c .. ·:<.tion and dynam ica l effec-ts o<: qu<.:ncu..1 numbern 

bc1J\rlen energy nnd momentum. In particular, th ·! model 

predictn no differences lx?tween reoctiona initiated by a 

proton, kaon or pion beam. 

~~3ud~ and Hc inc: 79 considered the pseudor2pldity 

distribu tions of hadron-nucleus collioions and found 

adequate fits to tl".e :rcs ... ~ts of this experiment wit.h 

c
0

2•l/7.5. Thi~ is ~i9nificantly different from the value 

of the cpeed of sou nd required to give good ngrecn~nt with 

the proton-proton multiplicities. 

It <i;>&- ec.r a that the one-dimentional hydrodynamic 

model cannot account for all the data with a singlo set of 

parameters. The three-d imensional model, which has been 

dc~onstrated to fit the proton-proton data quite satin

factorily,7B has not been inveotigatcd in detail for . its 

p::edictions on hadron-nucleus interactions. 

.. 
' 

1\PPENDI x xr 

ENERGY FLU X C/\SCi\Dt:: ~:OD'EL 

• 10 
The energy fl ux cascade model (EFC) belongs to the 

class of models which attempt to describe a hadron-nucleus 

interaction through the properties of each of the many 

repeated indcpcndent collisions. It is close to Land~u'a 

h~·drodynamic model in spiriti 

"The energy flux of hadronic matter is the 

essential va riable that governs the early 

evolution of the system, and it is a cascade 

of this flux, and not of conventional 

hadrons, that occurs in a nuclear inter-

action." 

The model views a hadron-nuc leus interaction as a series 

of interactions with discrete nucleons. The first colli-

sion is "conventional~ in the sense that · it is a hadron-

nucleon collision, while all subsequent collisi.ons are 

between the gcncrated energy flux and nucleons. 

In order to obtain definite predictions, two 

postulates wero put forward: 

•(l) Subsequent to a p-p collision, hadro~ic 

matter io contained in a cylinder ex-

panding uniformly from a disc at t•z•01 

the stroaa tensor in the cylinder is 
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deterr.1ined by projecting the 

observed as ymi) totic flux t. ackward in 

t via the classical traj ectories of 

free particl e s. 

(2) This flux scatters from nucleons as if 

it were a s e t ~(t) of conventional 

l-.adror.s, l! (t) bci:ig de t ermined by 

dividin~ lhe flux into slices each of 

which ha9 the s~atial thickness appro-

priatc to a hadron ~oving with the 

mean rapidity of that slice." 

~ ---

Tho reasons for making these two particular poatu-

lates are discussed in Reference 10. Given these two 

postulates ar.d a kno..;lcdgc of the asymptc;, tic pr operties of 

hadr on-nucleon interactions, one cou l d, a t least i~ 

principle, predict all the properties of a ha~ron-nucleua 

interaction, Note that the model deals only with the 

longitudinal direction z an<l ignores tho transverse 

dircctiona. 

Consider a proton-nucleus interaction whe re exactly 

v nucleons arc struck. Assume that the inter-nucleon 

distance~ arc also given. 

Tf.e firi;t collioi_on rcse:nbles in ever:y respect a 

p-p collision at tho s.?LT.a buarn energy. Th.:i reault of this 

collision is postulated to be tt-fe insta~tancoun creation 

.. --- - - -~ 
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of un l!nergy flux \l ~1ose dy n.1:nical proper t ie s are the sa:'.'. ~ · as 

th n 3sympcotic Jt ~pcrt!cs o: th e p-p fin1l Etat e . Its 

s pa cia l property is, by us :; Lt:~ p1: ion, ch;:ira c tcriz cd by ;· -'. i ~ r 

of zero thic k ~CS$ . The ex~ct transverce ~i~c~~i~~~ ar~ 

unirnro=tant sin~c the model only deals with the lon;itudinal 

dimension. 

119 thiti flux prop.:igatc:; tc,.;ard the r .. : ..... t r;•.1 r lc- o r., i.t<J 

thickness increases. This is due to the d1fferer.t velvc.t· 

componcntn in the energy flux. Thus at the i"~t.:int of the 

second collision, the energy flux is an c~tcnd c d ob~ cc~. 

The second poctulatc ir.3tructs ' one as to hc,w this cnc=s¥ 

flux-nucleon collision should be tre.:ited. 

Consider the ra p i di ty dis triLution o: t his flu x . 

It i s , by ass~unption, given by the observec ru?idity 

dist ribution ot p-p intc r uct ions . (Tha~ t he rapi~ity is 

cho[; en <HI the tlyn il.lll i cal v;;riatle in :: r: e ;:id c.; f, cay, the: 

longitudinal pomcnt~~ o= the sculing varia~le x is for ease 

of com?Ulation as ~ell as for convenience in cC~?ar ing t~0 

predictions with experimen tal datil.) 

Figure A- XI -1 is u sche:n.:i tic illustrutio~ of the 

dcvclopr..c:nt of the cr.e::gy flux. Con$idcr the region in 

r.:ipidity bcb;ccn y
2 

and y1 • The cr.e::c;y ()f ::.r.2 enclosed 

flux io 
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whc •::"'1 µ • J•:zl+p 2 is the tnrni;verae mass and is, in •;einoral, 

no:: a .::•inst11r.t, while its longitudinal momentu;n is. given bj" 

So tha longitudinal 

dN µ(ay-l sinh(y) dy 

velocity of this energy-flux is 

( yl dN Jy µ( 0y) sinh(y) dy 
2 

Now, that part of the flux with rapidity y1 would have 

reached tho point z1 while the part of the flux with 

rapidity y
2 

would have only reached the point z2 as shown 

in Figure ~-XI-1. The postulate instructs one to find the 

ra p idity y 2 c uch that the thickness (z1-z 2 l is th e Lorentz 

.. :c.. ,,tracted thic i<nCB!J of a hadrCJn moving at the volocity 

c . iL uJ.at~J above. The rea"..-frame thickne!JB of hadrons ia 

kno"rl to be a '.1:1ut 1 fermi -

~taving found y 2, the boundilry between t ho Urst 

"hndron" and the second "hadron" within th~ ~ncrg y flux, 

ona could rrpcat thP proccus and obtaln y3, and co on. 

.r :iws c..1e. obtains the set t: (\:) cf "conv.:ntional hadrons" 

that exists at lh"l "t.COrld collision. l::<>.:h "f. ther;e "coi;• 

vcntional hadrona,• or slices of tho origi:'\al energy flux, 

..... 

' . 

.. - ... ... 
' ' ... 

j ' 
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will undergo an "ordinary" hadron-nucleon collision and 

generate its own e nergy flux. Each of these new fluxes is 

again divided up .into "conventional" hadrons at the third 

collision. This process is repeated until one has finished 

treating all the collisions. 

Seve ral features of this recipe are worthy of 

emphasis. First, it should be noted that the slicing pro

cedure is not Lorentz invariant. In other words, an 

observer in a frame moving relative to the laboratory frame 

will decide, according to the same prescriptions as have 

been used in the la boratory fra~e, that the first slice 

should not terminate at a laboratory rapidity of y2 • It 

is easy to ace that this is true. Gottfried has shown that 

when the maxi mum rapidity y
1 

is large, then y2 is approxi

mately l/J of y
1 

for a fl.:it r<lpidity dL; tribution. How

ever, under a Lore ntz transformation, the rapidity y 

changes by an add itive constant. 

One is th erefore restricted to work in one particular 

frame of r e fercnco, say the l aboratory frame. But there ia 

still another problem. It is clear that as time prc;~esses, 

the energy flux becomes more and more extended. Without 

any fur~her restrictions, one could slice an infinite 

number of hadrons from it. Thia is a highly undesirable 

property of any model intended to describe nature as it ia 

now known. It is thorefora asowned that each alica must 
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occupy aomo 111inimum thickne:cs in rapidity. This thicknoaa ia 

chosen to be the average rapidity thickness of hadronic 

secondaries in p-p interactions. 

A third point iG that each of these slices will, in 

general, have an unphysical invariunt mass. In itself, this 

is of no great concern. But it leads to a rather strange 

situation -- the 6eco~d colliGion may have a center-of-mass 

enersy higher than t~c first collision. 

fu,Other ui:ficulty lies Jn the aSSlli~ption that the 

irc,-r:cd i ate prcduc t of a hadron-nucleon intC:rilction has no 

opatial thickness. While it may be small, this thickness 

cannot be zero. Since all longitudinal dimensions (e.g. 

the thickness of each of the slices of "h3drons") are 

Lorentz contracted, the initial thic\ne3s in not necessarily 

negligible i n comparison. A somewhat more realistic picture 

of an initially extended object makes it impossible to 

calculate the boundary y 2 between the first and the second 

slicfl of "hadro:1" unlr?GS further a!ls:i:;iptions arc mudc con-

ccrning the correlation3 bctw()cn the spatiul and ~upidity 

distribution!l. 

While the exact consequences arc dependent on tha 

details of the ass•ITT?tiona, it is eaEy to see that drastic 

codifications to the pr2Jictions ~re po~sib:3. Consider a 

proton-proton collii:;ion i.·hero th~ i1n:ident proton r.;is nn 

energy E. lt iu reasonable to aosume ~hat tho energy flux 
f I 

-- - - ... 
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has an initial thickness of the order cf l/E fcrmi, ~here 

E is expressed in unit!l of GeV. A pion that eventually 

materializes from this ha<lronic flux rr;iy h<1ve ail er.ergy co:n-

parable to E; however, its thickness ~culd be onlj 1/72 

fermi. Therefore it u?pc.:irs that it is ?Ossi!:ilc to r.ave tl.o 

fastest p i on materialize q:iite curly. 

T...:o more question!: mt?J be rai0cd. \·,·L0rc i.s the 

iniLal flat disc cf enerc:iy flu;: located? 1-ihen C.oe::: tl10. 

naxt collision take place? While these ~nccrtal~tics 0n 

inter-collision distances p;obably do not exc3cd 1 ~cr~i, 

they arc not negligible co1;;?ai::ed with the mean free r-ath. 

And sinco t'1c bou,nduri y 2 is t~e depende:1t, these ur.ce:c

taintics raaJ affcc~ t! .c final rcEults. 

and complication~, and ~i~?lY inquire into the conse~~c~=cs 

of such a simplc picture ot hadi::onic rc:ac::~on , In pr u.

ciplc, the nJJel hus been compl.ctcly s22cificd ar~ ~3lcula-

tio:1G ca n be m~~c; ~o~cver, in prccticc, o~e necds ~ 

<.'.:::.on. In Reference 10, it is ass u..':leu that the: a .:.,·.-c?toLic 

p-p final st~ t~ is described by a ilat ra?idity Qi~ti::i~u-

(2.9) and th~L all successive cc lli~~0:1~ arc sc?Jr~tcd ~ ! 

0:1c rr.·.::.:in f..::cc p.:.th. It is iurt h r.! i.. u.r.!:t:...-:'10 d 1·.h..::.t t!".c t:ffccts 

of leading particlca cun bo <:pproxi.'tated by Jclta-func':.i~r. ,--
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in U:e ::-apidi+-.y distribution. For this particular rilpidity 

distribution, it can b~ shown that y 2 = y1/J and 
y +y 

1!.u .. tanl:-l 1-lr11. Furthernore, the energy contained in 

the first slice H1 is 

2 2/3 
E E (l (~) ) l • inc - s 

vhera m io the nucleon mass and Einc is the energy of the 

be.:un particle. That is, the first alico contains easen

tia lly the full incident energy, Additionally, in the 

100 C.eV range, the rapidity distribution is too narrow to 

allo~ the existence of H
3

• 

'I'be second collision io therefore between the target 

nu~! ~on and a set of 2 hadrons, H1 and H2• H2 has an 

cne .t"<;Y 

2 2/3 
E ~ E (~) 2 - inc s 

1/3 
s = -2-

where s is expressed in Gev 2• H2 is, th~rcforo, incap~ble 

of ir.itiatin-; i.tJ own e nergy flux. The scco:id sl.lce Iii 

si:-;clv pr opa;ntes throug h . t he nucle us a n(; r:'lat P ::L::li~~s 

into phy~ic a l ha:irons filr o·.itsido the r.11c LE:·..is. Tho first 

ulicc , n1 , is practically identical to the initial hadron. 

A ne~ energy flt•x 111 therefore produced. If \i nucleons 

~articipate, then the~o are (~-1) H2'e produ~cd in addition 

I 

I 
I 
I . 

. ' ... 
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to the entire enc::gy flux resulting from the last collision. 

From the assumption that the multiplicity in hadron

nucleon collisions depends on the energy through a ln(s) 

dependence, it follows that the multiplicity is given by 

where n(s) is the p-p multiplicity at a center-of-mass 

energy o! /s. Thus tho ratio of multiplicities i• given by 

R a ~ • l + l Cv-ll 
A npp J 

Reference 10 then assumes that for a target of fixed ato=ic 

number A rather than a fixed number of collisions ono 

simply replaces v with the average valuo ~ in the e~uation 

for multiplicity ratios. 

The prcdiction9 of the simplo tFC model can be 

summarized 1111 f:"ollowo. The ntio of multiplicity in a. p-A 

interaction to that in a p-p interaction is given by 

. whAch is obviously independent of energy. The rapidity 
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distribution has an enhancement over the corresponding dis-

tribution in a p-p interaction. 7hie enhancement ie 

restricted to the r.egion 0£ r opid ity le~s than 1/3 of the 

~~ximum rapidity. This factor of 1/3 is expected to be 

in.depcr.rlc:-.t of energy. 

Scrr.c unjustified assunptiong will now be pointed out. 

Firot of all, the proton-proton rapidity distribution is 

distinctly different from that aosumcd in the calculation. 

Secondly, collisions arc, in general, not ocparatcd by 

exactly o~e mean free path. The average multiplicity in a 

proton-proton interaction io better cr?rox imatcd by a+b ln(o) 

in tt.e 100 CeV range. Thu final step of tran sfor~ing the 

qui1T1tity v in the formula for RA into the parameter ~ cannot 

be justified without making ~omc assurr.ptions about tho 

target nucleuo. A more r ea listic calculation r c~uirco an 

averaging over the le ading purticlo spcctr~"' which has 

been taken to be a delta function in thio calculation. 

The sensitivity of the model's predictiono to oome 

o! tr.e a!'.lGlL':lptionc will no1~ bo cxarained. Con>iidcr the 

interaction of a 100 GeV proton with v succcscive nuclcono 

spac~d .:.part by R
0

, whcr~ R0 i& the rest-frame thickness of 

a h.:.c!ron. 'l'h.:: r<Jpidity c!i!itribution is ass=cd to be flat 

as in Ref~rence 10. And let the proton-Jroton avcrago 

charged mult!.plicity be gbcn by 60 <n> ~ -J.5+1.27 ln(o). pp 

The cnhancClllcnt in th'3 rapidit.f cliotri;:iutiono io L1dced 

--
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c?r.fined to tho r eglo n less tha 1-. l;'~ o: h.c !ll~Ximuu ra;>.di. ·.:.~'-

Howover, if or.a p.uam~tcr~7.C!l RA /\::; 

the parameter c has the value 0.42 instead oL 0.33 ~~ ' .n 

tha sirn?le model. 

If the r<:ipidity dii:;tri::iution is 1issu.~1cd to be c :. us~d.a"< 

in shape rather th ~n rectang ular, enc would obtain 0.3: ~or 

the value of c. The ~nhanccmcnt in the rapidity ~istr~~~-

tion is &till conf inc~ to 90~0 reg ion of lcw rapi~ity. 

form of the Gaussian is ausumcd to be 

c!N • en> CX? (-y 2/2L}//2~L dy 

y • center-of-ma ss rapidity 

en> • nvcragc multiplicity in a p-p collisio~ at a 

centcr-of-m<:i!'.lG cnnrsy /s. 

Repeating the calculations at ~O a~d 20J GcV sho~ s 

that th<:Gn ob:;crvati0n!l are in,;c~!iitivc to tlie iniLi..l:. ~' ea:1l 

energy. ?he e nergy and v depcnden~c of the rapi d ity uis-

trihutions arc illustrated in Fi9u~en A-XI-2 and A-ZI-3. 

No+-it:o in 1-" .. ~;u!:c A->:I--J that ~_?..:_ ic a olcwly Cc
uy 
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c::caa J.ng function of \J in the re'] ion y~ 5. The mul tiperiph-

er: l mode i . -~x?ects a sirnU:1r dcr· ~ ct !.on -- 6eG Appendix XII. 

!lr;1-;e1r.:! r, this feature mily be· :lue ~:itirely to tho as1rnn1ed 

z-dcpcndcncc of the average multiplicity and 1·1pidity 

dis:·.ribution. 

T!lt! predictions of the EFC 11'.odel are quite scnsitiYE" 

~u the in~er-collisio, dintance. If the inter · c,llision 

dlstJnce io increLscd from R
0 

to 2n
0

, the value of c becomes 

0.52 and 0.49 r ~ spect~vely for the flat nnd GauGsian rapid-

ity dintr!bu~lona. The rapidity width of the enhancement 

also increa ses . And in the case of the Gaun3ian rapidity 

aiotribution, the extra multiplicity is not obviously con

fined to ~an~ region in rapidity. These effecfs are illus- · 

trated in Figure A-XI-4 for. the case of \JmJ. 

It is obviou~ that the predictions of the model 

ch.lnge dra;;iatkally \.'hen the assumptions are modified. The 

~odcl is actually not as parameter free ns the author would 

have the readers beli~ve. 

Tho above diGcuosions and calculations arc intended 

01,iy as guides to the diff erent predicl:ion:; of the model 

under vario•.is 11ssur.\ptinns. They a;,-o not meant to bo n fit 

to find tha J:\OSt cppcaling s~t of parameters, Thuo, it 

t ' rn be concluded that a V<\l.ue of c different from 1/3 does 

·~ 1L n2cts:.r. ."."ily ex<:lu<le the EFC modcl1 nor does the 

ab11<mce eif an abrupt ch.l 1~ge in ~h:i rapidity distribution 
I • 
I 

.. 
·.· 

I 
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in the region of 1/3 of the maximum rapidity. Sinco all the 

known corrections to c increase its value, an experimental 

value of leos than 1/3 would be incompatible with t.'-.eErC model. 

The best experimental value at this point is ap?roximately 

1/2. 

There has been a lot of interest in this mo<lel and 

many discussions ·ca:i be found in the literature.
81 

More 

sophisticated calculations have also been made.
82 Ho~ever, 

the most serious objection to the model, its failure to 

incorporate Lorentz invariance in ·the slicing procedure, 

has not been resolved. 
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A-XI-2 
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FIGURE Ci\PTIONS 

Illustration of a hadron-nucleus collision in tho 

energy flux cascade model. 

(a) Just before the collision, the target nucleon 

has . rapidity y 0 and the beam particle has 

rapidity y1 • 

(b) Irrc-ncdiatcl~· afte;;: the firi;t colliaion, there 

is a flat disk of h.:idronic matter -- tho 

energy flux -- which has soma distribution 

in rapidity. Fo r simplicity , it i a illus

trated as a fl.:it distributicn from Ye to y1 • 

(c) Prior to tho second collision, there ara 2 

"hadrcns " 111 a nd H2• 

(d) The 1! 1-nucl eon cclliGion results in a new 

cn~rgy flu x . At an incident bc~m energy of 

'\.lOO GcV u2 is not energetic enough to 

initiate its own energy flux. The resulting 

rapidity di~tr i butio;o has .:in cnh.:incerr.cnt 

between y0 and y 2 . 

Results of a Monte-Carlo calculation of the 

rapidity distributions at 50 and 200 GeV. It is 

asswr.~d that there aro 3 participating target 

~u~lconb s epara ted by R0 , tho re~t-fr.:imc thic~

nees of a hndro."l. Tho fOP gr;·p,P is tho rcoult 

) 

A-XI-3 

A-XI-4 
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\./hen the p-p r .:ipidity dil;tribution is assu:ncd to 

be Gausci~n. Tha lc~cr graph is the rcoult of a 

flat <lict~ibution . 

Re sults o f a Xontc-Carlo calculation of the ra?idity 

distributions in 200 GeV hajron-nucleu s coll ision 

us a function of tha nur.!Je: r of in t c r at.: :: ic::.s v. 

Succ c~s ivc i~t c ract ions ~r3 az~u~e~ to ba s c~ artlted 

by the r cs i:-fril :r,e thickne,;s of a hadron. Thu u;:;:;2r 

a ~d lower gr~~hs arc for Gaussian and flat . r-~ 

r a?idit¥ dist:ri buti on c. 

Ra~i<lity d ictr i butionc fo~ J= l in 20C G~V r.1 ~rc~

nuclcus co lli !:. ior. :; a J a fur~ct~on o: ir.t\~:r - c:t iJ l. i .. ~c:..:) 

Gaussian and f l .:it p-p rapidity distributicns . 

t'otic c in ~"ic to? g::.::;>h tha t tl".e:re i,; n0 o !-.v~ou" 



·- -- - . ' 
••• f • · 

J' 



5 -

4 

3 -
dN 
dy · 

2 

1 
3 

dN 
dy 

2 

0 

• 

302 

F L >:JR:S /,-XI-3 

v- Dependenc <. of the Energy Flux 
,.-, C:iscade Model 

\ I , 
I \ I , 

II ,'"• \ 

,' \ \ 

I ' \ \ I ,l ,\ , 
\ \ ' : \ ' 

J 
•• 

,' -....... · ........ i / / -....._"":.;.-~--

' ,/ I 
I.' I 
, /I 

/// 
/// 

,------I 
I I 

I l 
I I 

r--1---------· -..... --~ 
I : 

I : ' 

I ' 

i i i 
r:··--1--- - I 
·i l I 
!! I I 
; ..J 
r 
I 
I 
I 

-I 0 

y 

2 t 3 
y 

-- i1 .. l 

- -- 1: = 2 

v = 3 

--- 11 " 4 

r 4 5 

I 

I 
I 

1 · 

6 

4 

3-
d N 
dy 

2 -

30 ] 

i ·rc c: '1.S il-XI-4 
pr edict io ns o ~ the ErC l\'.cdel for v • 3 a :; o 

Fu nd icr. of [ r. ~u -ccl l is io n di stcnc<: s 

Ii 
/, 

/ 

,,..-.. 
' \ 

\ 
\ 

\ 

' ' ' 

wh ere 

t:. Z • ;R • 

6.Z • 2 r'l n 

t:!. . 1 niu -c c.1 i: ~icn di s,·a .. c: ~ 

R~ ~ r1'!:> :- rrom e tn ic irn r. ss 
ct hJ cl rcn 

--~--
__ _J__I ---.. .. ::::::l 

0L::_~
1
--__J

0
----...1---~2----~3 4 5 6 

y 

4 
I -1 
I I 3 I I 

~t!. 
I I 

dy ~J 
I 

2 I 
l 

·r L 
I 

1 

6L I 
I l I I i ,, 

3 4 ' () -I 0 2 .... 
y 



I - -- 'I ... 

. I I 

304 305 

KTJLTIPERIPl!Crv'\L fl');)£L, PA!\TCN noo::;r, 
At;D REGGCON__ ?JE!,G THEORY 

"P-:n: ·u,e, purpoce<.1 of thio discussion, which will be 

C"arrLd OJn <it the qu<ilitative L:vcl, the mul~.ipcripheral 

3 11 . 12 mcclel, the pi.! r':on mo<lel and Reggcon field theory are 

essentially c~uival~nt. The detailed mathematics of various 

versions of theue modelu are obviouuly diffcrcn~, but they 

\.' ill ;i_·t ue <'nt'.?>:ed into hcrer' for they arc bcyong th<" 

~c~pe of this ~~rsis a3 well as the ability of its author. 

ln t;·.c iollowing the j~rgons of thes~ t ·nce c· a>ses of 

theories w511 be used interchangeably and f~i:iy loooely. 

A hadron can be viewea as a superposition of point-· 

like partons or as one or more multiperipheral chaino. It 

ls a !-ii ;ic OS>Ul:lption that only small momentum transfc1.s 

are involve~ a~ eJch otep ~! the ladder. Equivalently, 

only partono with ~.l·~ilar mo• .. enta can interact, i.e. only 

the •wee partons• can interact significantly with the 

target. The energy Ei of the i-th parton io a fLaction of 

tha energy of the (.l..-1)-th parton, i.e. 

Yhcrei k .is a. conatant fraction .independent of L 

I 

I 
I· 

' I 

. I. 

An immediate consequence of this is that in hadr~n

hndron interactions, the rapidity distribution of final 

etutc particles will be flat nnd of a height ~ndependent of 

energy. 'l'heso two conditions i;hould be satisfied at 

asymptotic energies, It is, of course, not definite ~hat 

"asymptotic" means. · It should be noted that the rapidity 

distribution . 

dN l do 
dy .. crin dy 

is neither fl~t nor constant in height up to ISR energies, 

e~2500 GcV 2 • Since the width of the rapidity distribution 

. grows logarithmically with energy, the n;odel aloo predicts 

a ln(s) dependence of the average r.iultlplicity. The exper

imental data on protonOproton multiplicities can be fitted 

much better by the form a+bln(sJ. 61 

The multiperipheral la~der is depicted in Figure 

A-XII-l in the form of a conventl.onal Feynman dl.agram. 

However, the space-time development of the ladder is 

obscurod. Figure A-XII-2 shows the same ladder in a 

space-timo picture. It illustrates tho evolution of the 

beam hadron into a act of partons in the target'& rest 

frama, An esti.rnato of the time scale is given by 

E 
T • m TO 
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where E and m are the energy and mass of the beam particle 

and To (of the order of fermis) is the characteristic 

strong interaction ti~e ccalc. Since Ei+l~kEi' the time 

interval between the c~ission of su~cessive partons decreases 

as one approaches the "wee partons.• Thia is illustrated in 

figure A-XII-2. This time T is of tho orde~ of 10 fcrrnis 

at 100 GnV and ia the ex2lanation fo~ the relative unimpor

tance of the 2 Rc ~scon dia9ram in high c~crgy alastic 

scattering, Fi5crc A-XII-3. The so-called Mandclstam dia-

grru~, Figura A-X!I-4, may still contribute. It is topolog

ically di~ferent from tho dicg=am of 2 sequential claGtio 

scattcringo, 

!low conaidar an inelastic hadron-hadron collision. 

This is nho•.m schematically in Figures l\-XII-1 and A-XII-2. 

'l'ho idcn ti ti ca of the exchanged and produced obj ect::i, 

corrcsponJing to tho vertical and horizontal linco in 

Figure l\-XII-1, depend on tho particular model under con

aidcration. The clans of oultipcriphcral models 9enerally 

ass11:,1cs th:i.t t!-tc produc.::?d objects which cventu11lly bccor,u 

the fi~al etato hadrons are? produced in some independent 

e~ission proccos. Thin leads to a Poinson-shaped multi- . 

pliclty distribution. The data are in drastic diaagrccment 

with thia prediction. Sec Figura III-11. 

'l'hia problc.;n can b0 e.:ioily rcmcctied by the so-c;:,llcd 

2-cor..ponont models. Tho high pultiplJ,,city componant io 

- - ...- -
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given by a multi;>eriphe i·al preens_; \.'hilc t Lc' l011-:r ·.iltiplicity 

part ia accounted for b~ a tliffroctive proccrs, e.g. 

mcchanium invoked ~n lhc 2-fir~boll ~o~cl. Eowcvcr, i~ o ~ ~ 

intc~ds to ~tay within the mulcipcrip hc rol ?icturc ~~d to 

r.ot invoke other processes, this can be intcri:iretcd c;s .. ·.i 

indication t hat a oingle ch~in is not cc~p~tiblc ~ith d~ta. 

The poesibility of multiple chains ha9 t? be cr.tcrta!~eJ if 

tho model is to c·-irvive. 

JI.nether consequence o~ tho prcsu."lled oo:r.inancc o[ a 

single Rogge pole is th.lt the incla~~ic crosG-6~ctions £hould 

factorize, i.e. 

~!! .. 0 in,o';') 
0 in, 11A 0 in, 11P 

The right har.d sicle is ;:i:_:i:_:iroxin11tcly J/2, w!-\il(' t!'.e left 

hcind Gide arproachcs l for hcc.vy nuclei. So the Ge.ta tend 

to r~::utc ractorization ;:ind therefore requir~ that ~ultl

Rcs<_;e polc c be Loclu:..ir.<l in calcul.ition:i with the ;r.oc:..;;.. 

For t he time being, assune that t~0 Cissociation of 

the bc;:im ht1dr:rn i-t? rr:Jltiplc chain:i is rcluti•1cly ~nir.,.,ar·· 

tan1~. · ·1q:iplyir .s ~;ic basic icc:.:io to n hadr:o:-i - nucl..:-. .. s 

' colliDion, on<.: ..).::rives -.t. tl1c ~ollo·..1.i:19 i:;it.l!'ltion.' A 

bcnm hadron of energy r:; a;:ipro-lchc,s thc t.:ir·J~t n.ic'-"''"; · 

which ia at. rc ~1t in thu labor:itory fram1~ of ;:..:;fE;!<'. re 
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This ta r set n~cleua occ~2ics some region of space frc m z1 to 

z 2, as shown in Figure A-XII-5. nccalling that only "wea 

partons• l i\;lf intcra::t 'With the target, one can conclu<lo that 

if th!: :: i<1 to toe an intei:act:i.on at all. the beam hodron 

: ~1t start dissociati~g in • o its ccnGt~~ucnt partons at b 

lic"e -, , wl1ere t=O h;i.:; been chosen to be the time when tl'.'l 

~am particle .ls coin(;idcnt with the t<lrgct nucleus. 

Sup;:>o!Jc t.hat the first collision occ-1..;:s at z1 • Thie 

i~~~. ~~tion propagates back toward the fast partons at the 

rate in<licn~e~ by the dashed line i~ Figure A-XII-5. It is 

t[i,, time wn -~r. reco:;ibin11tic:n is expC'cteri. : f the scattering 

11>0rc el,,.stic. Until after this time, •ad. parton ml:.st 

rcrr.>.in '16 a constituent of the originul bean particle in the 

r,cn1;c that it is inc<lpablc of gener.:iting its own multi-

pc-iph ~~ ~l ladder. Thio property hao been endowed ~xclu• 

, iv~ l~ upor ha6rons1 indeed it may Le viewed aJ tho .1 

defi nition of s hadron. Thie can be cast in a slightlt 

mo:-c SO[Jhisti.c ;,tcd larguage. 'i'he c:.1ission of a rr.ulti-

peripheral chain by a partun is governed by the triple-

Rcggc coupling constant, which is usually taken to be very 

P r.l a ll. flo~: e -.1er, after the p;irtons have re-arr<inged them-

selv~s ~~to physical hadrons, the emission of a chain is 

no lon~er suppre s sed by this small coupling constant. 

Ther~fore, tho aize of the target (z2-z1 ) determines which 

group of partons (or produced hadrons) could conceivably 

I 

I 
I 
I 
! 

--

, .. 

-

l ' 
3C9 

.. . ',' 

take port in rescattering. The cutoff rapidity is denoted 

by y
0 

in Figure A-XII-5. Those partona with ra?idity Y>Yc 

simply traverse tho nucleus without interacting at all, 

identical to those in hadron-nucleon scattering. Therefore 

the rapidity distributions for nucleon and nucleus targetc. 

are expected to be different only in the region y<Yc· See 

Figure ~-XII-6. Tho value of Ye should increase with the 

size of the target but is expected to be independent of 

energy as illustrated in Figure A-XII-7. The height of the 

rapidity distribution in the region ycyc is higher than 

that in hadron-nucleon interactions. 

An estimate of the a~ount ~f increase in multiplicity 

over a proton-proton collioion can be m;ide easily by com-

· pariaon with the energy flux c.:i~cade model (~ppcndix XI). 

Translated to the language of the part.on modal, the EfC 

model assumes that the fast partons rescatter and give rise 

to an extra multiplicity. Its predictions on the atomic 

number dependence of the multiplicity are weaker than that 

observed. The above multiperipheral picture would have th~ 

alow component rescatter. l\.~d since tho average ~ulti-

plicity is lower when the beam energy is lower, the pre

dicted.' atomic number dependence of the multiplicity is 

much too gradual to bo compatible with experimental results. 

_Thie difficulty together with the difficulties the 

model hae in connection with p-p interactions leads one to 
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tho c~nclusion that if the multipori~heral model is to be 

valid, graphs with multiplo laJdcr3 arc ~npor tont and c~nnot 

be ignored. The inclusion of l:\ultiplc cl-.i!ins (but excluding 

Reggeon interactions) have b~on studied by many authors. 

J. Koplik a nd A. Hueller 83 hDve investigated the 

connection betwe en elastic and inelastic processes in hadron-

nucleus interactions. In the simple picture where ono io 

raotrictod to a single ladder, tho central plateau in 

rapidily (if it cxi::its) should bo tho Cil mo f or hc.dron-nucleon 

and for hadron-nucl~us internction9. An increased height 

in this central plateau for hudron-nucleus interactiong is 

a ~easure of the probability of having multiple chaino in 

existence si~ultaneously. These cocxistin9 Rcggcong are the 

generaliziltions of the P.andelst<im graph s hovm in Figure 

h-XII-4, and they can c0ntribllte to tho elastic cross-

section, unlike Rcggcons that exist sc~ucntially. 

Koplik ar.d Hucllcr wero Dblo to dr.::ive bou:'\da on the ratio 

of el Js tic to totill c:o6s- sections as a function of the 

hei5h: of the central plateau in hadron-nucleus inter-

actions. 

Let r be the ratio of elastic and diffrnctiva croae-

scctiono to tho totc.l cross-oection, and let Re ba the 

ratio of the heights of tr.e central plate<::ix in pn. and PP 

collisions, Le. 

R .; 

1_L 9_?.> 
0, cl'! i\ 

__ 12.'._ .:.... J'._' -
( l t'. c

1 - ,- ;-'} "'" 0 in ,..,. 

3ll 

Tho connection bct ... ccn r il nd Re is given as fol!.o...,s. 

is such that 

1- 2-.1 l <, 

'i (-' ---) r 
1-21-n 

then Rc ~ n+l + :/i-l (.?_;-.:.!_) 
l-r 

l e l-n 
< «~'~-) 2 1-2-n 

If n 

The black di ok llmi t, r =l/2, is achieved when n becomes 

infinite. R al so bccc~es infinite. It follows tta~ if 
c 

t ~e ~ata ohows th~t ~~1;2 ilnd Rc:l, ~u ltipcriph c rill co~~l; 

need major modifications to r~oain via ble . 

011c:!3, 

Prer;<:nt d:1t<i indi.cutc th;-it nuclei, ei.;p f:' c'. ;clly hca'ly 

arc quite blnck to i~ci <lcn t protons, there fore the 

model predicts that the .::apidity distrituticn in F~ inter-

7he action~ should be DS illustrated in Fisu re ~-XII-~. 

projectile frag mentatio n region may be dc, l ctctl a~ a 

rcsul~ of mo~entum con~crvation. So~e cc.~caC.i n g ~ay occur 

in th~ tar qe t fragmentation region. 7tc .centra l rcsio~. 

whic!'l 'hc.:i oo far not b.::.cn o:Cservcd to cxi:;t, r:hot_:ld !;.:-:c-.: il 

J.H. Weias8 4 anC. c.l\.. Hinbow12 h<iV<J arrivL-<l at cinil~r 

conclueiong. 
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In another vet;i0n of the multipcri~her~l model, 

A. Capella ar.d A. 1:rzywic!:.i 85 made tile as-;urnr>tions (1) that 

the incia~: · ~ ha~rcn dissociates into sevcr;:il equl·:alent 

ldd'l'"r~·, the n ;~·bcr of which is deterrr.inecl by th'-' number of 

intc~~ctians that the projectile actu~lly undergoes as it 

tr .1ve r c. ,! s th~ ·11 .cl.e.is, and (2) th;:it c'.18 pt.rti::ion of energy 

a.'7la1,o the ch:lins is co;opletely ra1.do1.1. Tht> .'\f'sumptions 

ei:r.;>ly s t ate that a proton-nucleus inte::-.'lc';; .\on :i.i.v•, lving v 

colli~ion s at a bca~ energy E c an bo vi~~ed as " pa::-allcl 

proton-pro t on colli3ion3 each with an energy Ei su~h that 

the '. .n! .J::, bean. energy is E. This picture has been U!>e<i to 

fit the 200 GcV proton data of thi3 experiment and has . 
p .. 

s ucceeded rf'..narkubl y '·' -- the predicted p9eudorapidity 

dir;trib-utions nrE in almost perfect agreement with the dnta. 

Some objections to the model will now bo raised. 

The partition of energy among t ho many hypothetical "pro

tons" has been taken to be random, and these sub-energies 

odd up to E. Then the leading pa r ticle effect should be 

greatly Eupprcsscd for he~vy nuclei becau8e it would 

require a ;:i.:1rtition of energy that is hiyhly asymmetric. 

This is difficult to reconcile with the fact that intenr.e 

high-::io::ien t um secondary beams can be made from a tungsten 

target. Y.ore definitive statements could only be made 

when t~ere ere additional data on the multiplicity 

~e1>0cialea with ~ hi9h-momentU111 leading particle. 

This problem can be avoided if ono first partitions 

the energy into a share for the leading particle and another 

share for the multiple collisions. Then the SUl'l of the sub

energies should not n<ld up to the incident bearo e~ergy E. 

There appears to be a further difficulty with the 

differences bet~cen a proton beam and a pion beam. To argue 

that a proton-nucleu9 colli0ion may be equated with many 

parallel proton-nucleon interactions, it is necessary to 

assume that the number of virtual multiperipheral chains i• 

large, i.e. much larger than ~. It follows that the cross

~cction of each chain on a nucleon is smaller than the 

hadron-nucl eon cross-section by a factor of the order of 

the number of chains. Sincu the quantum nu:nbers of the bc.:im 

' particle reside mostly in the fast components (in order to 

have o leading particle) and ~ince only "wee" partons inter•· 

act with the target, a proton and a ?ion beam differ In.linly 

in the numbers of virtual chains that each one has. In the 

limit of a lnrge n~-nber of chains each with a small proba

bility o! interaction, one would expect the same A-depen

dence for the absorption croos-eectiono of p-A and n-A 

interactions. Different A-dependences have been observed 

experiment;:illy. 

The ability of thia particular model to fit the 

dnta of this experiment cannot be denied, but its diffi

culties with hadron-nucleus cross-section• and with the 

leading particle effect are disturbing. 

. . .. 



A-XII·l 

A-XII-2 

A-XII-3 

A-Y.II-4 

A-XII-5 

>.-XII-6 

A-XII-7 

.. 

314 

FIGUl1E Cl&TIONS 

Feyrunan diagrwn for an inelastic reaction in the 

context of the rnultipcripheral model. 

A i;p.:ice-time <liag.cam of the !:a-me reaction. 

7-~·o i;e:Juentia.1. elas\.ic inte1·;:iction!l. There is a 

minim~n value for the "patial acpilration of tho 

two :.11 teract1on points. 

Two parallel cla&tic interactions. There iB no 

con9lraint on the cpatial ucparation between the 

t1.ru in~eraction points. 

Re-scattering of the slow component. The dashed 

line represents an estimate of the ti~cs at which 

tl ~c parto:i& Lecomo h.1drons ilnd s tart cmlttir.g 

t l: cir own multiperi;:iher.:il chaino, The critical 

rapidity Ye 13 a function of the dii;tonco between 

tho two ecatteringu. 

The expectations of the h;:idron-nucleus rapidity 

distribution a~ a rcoult of tho rc-&cattcrlng of 

t~o slow co~poncnt. 

The energy and target dependences of the haJron

nuclcus rapidity ~iotributicn ao a result of ro-

scattering of the olow component. 

Illu~tration of the prcdictiona of tho multi-

peripheral noJol in th·:i pr'fcnco o~ n:ultiplo ch11ina. 

- - - -
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11.PPCNDIX XUI 

TWO-FIR£ !31\LL hOJ Ef, 

The two-fireball model13 ass~~es that in a proton-

proton collision, one or both of the protons becomes highly 

excited. After a comparatively long period of tirne, the 

excited object docayn into the final state hadrons. This 

decay is usually assumed to. be isotropic in the rest fra..~e 

of the excited object. These excited objects are <1ssurned to 

rotain the quantum numbers of the beam and target, i.e. a 

Pomeron is exchanged in the interaction, and have all the 

properties of initial particles until they decay. 

It predicts th<1t in hadron-nucleon collisions tho 

croRe-section for producing n particles approaches an 

acymptotic limit as the energy increases. It is expected 

that the low multiplicity part will reach this limit 

earlier than the high multiplicity part. This in in appar-

ent contradiction to data. Tho 4- and 6-prong _cross-

sections are decreasing with energy after attaining a 

maximum. 86 Another pr ediction concerns the to?ological 

cross-sections for large val~e n of n, i.e. n greater than 

the average multiplicity. These cross-sections are pre

dicted to behave like l/n 2• The data exhibits a much faster 

fall-off. 66 These predictions on the topoligical cross

aectiono are similar to those in tho hypothesis of limiting 

.. 
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In a proton-proton c)llision at sufficiently high 

energies, the model expects to aeo two distinct peaks in the 

rapidity distribution corr ( ~ nding to the two fireballs 

going off in opposite dire~' ions. The data from the !SR 

display only one central peak. Co sm ic ray data at an average 

beam energy of Nl TcV appear to have a d~p in the central 
08 

region of the pGcu<loraridity dintribution. Dccauue of 

tho transformation propertieo between rilpitlity and pseudo-

rapi ~ity -- Sec Appendix II -- thio obncrvation iG consis

tent with a !:lat or slightly peaked rJ?i6ity distribution. : 

In other words, the cosmic ray data arc not definitive on 

this point. 

All these difficulties could be attributed to a 

non-asynptotic energy. If th.::t is the case, the model hall 

no rel evance to present-day accelerator data and ito 

efficacy can neither be confirmed nor denied. Less drastic 

measur es to salvage the model include tho introduction of 

a:iyrr-"11etr ic decay of the f lrcballn. J\notl1cr ;ipprouch 

ir.volvc::: chJnging ;rn input J~:;ur,;;>tion. The avel.d<JO mul-

tiplicity has be en a:Jsum~d to have a ln(a) dependcnco. 

Modifying this will change the predictions. 

Thia r:iodcl cun tc applied very sim2ly to hadron

m:·clcu:i collisions. •:ho first collioion b-itwc,:,n t~o beam 

h.ldron and a ta:-g ~L nuc:!.con profucca 1 
1
or 2 fireballs. 

) 
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The beam hadron or its ddughtcr fireball h~s net decayed ~y 

the time it has travc rs ~<l enc mc3n f~co ?ath. It then 

undergoes ano thcr collision. By ai:;su::.?t ion, the bc<:ln fire-

ball has the colli Hional properties of the ori9inal beam 

hadron. Thero ~oro tho second collision rcsc~bles t he first. 

This process is repeated until the bean hadron ~= fireball 

oxitG from the nuclcun. /,ftcr a su!:ficicntly lc:1::; t i::-,.:?, .:ill 

the fireballs decay to y ield the final stJtc hJ~ ~o~s. 

Consider t he ~irr2lc cuse where t wo fireballs arc 

al~ays produced in any one collision. If t'.ierc ar~ a t o tal 

of v collision!l, t here 1:il~ be (,r•l) fi .rcl;<llls . 11 :iacr:cn-

nucleuu c1'lision produces t wo firc~1lla which ~ ccay ln~a 

cn>hp part.:.cles, therefore, the se (v+l ) ~ireLJlls wjll 

. (-v~_l) t. , ~ r~ h·-'" decay, on the ave rasc , into ~ <n>hp pJr·1c_eJ. - --

been tacitl; 1 ss~ic~ ~hat tho c cc rgy is hish c~o~;h that all 

fireballs have a."Ci;air.Eed t:1c,i".' ac:inr.r,to tic propertic:~. . ·:r..:.a 

loadu to a preJiction 0:': 

1 1 -
R,\ a 2 + 2 v 

The data aro cc~pltiblc with this prcJiction. 

. 'l'his ac;i :::1er:i·~n •-. is ra thcr surpr id ng. .;t Fei:ttil<:..b 

c,uorgies, it is knovm t'.'lc:r. t ::e leil..::ng :;; ::.rticle (o.: fir~· · 

ball) has an cn'2r<,y wl· .ich, on the ilVcrc.c:;c , is h~\t t.ie 

incid~nt b~a~ e~crgy. Tho :;econ~ collioion i~ thcro!oro 



324 

te · . wLe~ a target nucleon nnd a beam hadron of only hnlf the 

initi.Jl. beam c,1,,rgy. The fh-ecalls produced in t!"iis second 

interac tion should, on the average, have a l owe r multiplicity 

than the fi rst intcractio:'I. In othe r words, the fireballs 

are not all id ent ical. The predictions of RA w0uld have to 

b~ bp~r~p~iately modifi~d. 

The predici:i ur.s of RA depend O:'I the i kntity of tha 

beara particle. For a proton beam, all fir~ualls hav~ tha 

sam? qu .1 •~.ll11 numbers and the above prediction h?lds. Hew-

~v~r ~hen ~ ~ ion or kaon beam lo used, on~ fireball has a 

dif~~ rcnt set of quantum n~~bcr3. ThiG effect can be 

csti ;:,.1tt:d. C·,.1sider J.00 GrV/c bC'u•r p~rticlea. 'l'he average 

c ~ ."~·-;ed r .ultiplicity of 6.5 in ~roc. 0-.;i-proto:i inter11ctione 

~n~lies that each proton-liko fireball nlvca r ~e~ to 3.25 

charged particles. A n•-proton ovcr~ge charged multipli~~ty 

of. 6.B implie3 that a pion-like fireball gives rise to 3.55 

~h~r~ej par ~icle~ on th~ average. This leads to a pre~i~-

tion ol' 

RA• (3.55 + 3.25 v)/6.P 

• o.52 + o.4a v 

for n pion cea~. 7hc difference between the 2 predictions 

are probably S"13llcr than the. finite energy corrections. 

J>.nd in an:r event, the accuracy of the dat>:i is not suffici'.?nt 

I 

'· 

' ' •,' 

) 

J ' 
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to pinpoint this small effect. 

Sinca the decay of the fireballs arc indepc•~~nt, the 

multiplicity distribution in a hadron-nucleus interaction 

is expected to be r.imply convolutions of the multi?licity 

distribution in hadron-nucleon interactions. Ho~cver, the 

multiplicity distribution predicted for hadron-nuclco:'I 

interactions appears to be wrong. If the theory can be 

modified to · give agreement with the proton-proton multi

plicity distribution, then one should attempt a comparison 

for hadron-nucleus interactiono. 

At asymptotic energies, the rapidity distribution in 

hadron-nucleus collisiono is expected to reGcmble that in 

hadron-nucleon interactions for the region ycm>O. The re

gion Ycm<O is expected to bo ~ times higher than in hadron

nucloon collioions. This simple-rnin<lcd picture where each 

participating tar ge t nucleon behaves as the target nucleon 

in a hadron-nucleon collision is not in agre~nent with data. 

Tho increase in multiplicity is not confined to the lower 

half of the r~pidity diGtribution. 

Tho simplicity of tho two-fireball picture is vory 

appealing, but it appears that it cannot account for data 

in the 100 CeV rnngo without modifications. 

.. 
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APl'E !\ DIX XIV 

There ie a model ~hich attempts to describe hadron-

nucleus data uaing the results of hadron-nucleon collisions 

as input. It make5 predictions on" the <1tomic number depen

dences of various proces se 5 1 but rr.ilkcs no statcrncntG on the 

properties of the basic dyna mics of hudronic interaction. 

ThiR model is included here only for the sako of complete-

nesa. 

The so-called coherent tube raodc1 58 is bas ed on two 

assumptions. In a high energy hadron-nucleus colliaion, 

those nucleons that lie within a tube of cross- sectional 

area 0 along tnc p~th of the projectile nrc nssumed to be 

the only ones to intcr .:ict with th ~ beam r- a rti clc, a nd t hey 

do i:;o coherently, i.e. they act d::J a more rn .:i !i s i vu "p r oton" 

target. 0 !s taY.en to be the p-p total cross-section. If 

a bc.:un proton of energy E is incide nt on such a tube with i 

nucl eons in~ide, t he ccntcr-of-m3 s s ene rgy-squar ed is now 

given by s . •2iM c . The ueccnd a s s w~ptio~ ctatcs that tho 
J. p 

results of this colli s ion are identical to the rcsult3 of 

a proton-proton collision at the center-of-mao3 energy /a1 • 

After pcrforraing an average over tho po!lsiblo tubes 

for a nucleus of definite atomic number A, one obtaino1 89 , 
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(1) 

So if the avc ;-.3gc r. 1u ltiplicity in proton-proton ir.t.eractio:ls 

"11 can b~ ~arame.: e riioc i by <n(i::) ;. PP"' ;i"' the:-i nA "vl• • 'l h £> 

data f avers a \I .)· :i<; o:: ./ q Ior a. i i i thu <!1Uil tJ on i'o t· c. ;, ,: 

average multiplicity. 

if it is satisfied in hadron-nur.lcon int c rGc~io~s. In 

l:'articul ur 

DpA(s) 

Ii D (s) '" <1' (s) > , as it ap;ica::-.:. to l::c t.h6 c a :; l. , '~-~. <:: n 
PF- Pr 

DpA( r. )« <.a(s)>p_\ s hould hold for int<:ract:on!l wjth m .cle.:.r 

targets. 

( 3) 

A value of 1/4 for • give s ri s e to RA • Alll 2 whict 

is in vi o l e nt disag r c~~cnt with the ~a c a. The prcdictci 

rapi ~ ity di s tributions arc also in ~c Jr agr e~~cnt ui ~h t~e 

. ·On the po3itive side, KNO scaling ap?cars to 

hola, 32
• 33134 ar.d the di s;icrsion und the a ;; ccac;c of the 

multiplicity <lbtr.ibution!l ::icc:;i to bo line:ar. 37 ::o to dut 

if tho prediction on J<.'; Q sc.:iling ls i;a. tisficd, the pre-
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dic~ion o' ·:J',e dis,.,cr sior. is a necessary consequenco, . 'fhe 

conver9c iB not n c~ssar~lj true. 

n:c tailure!l of tr.e model'!l predictions on the mul-

tiplicity ~nd on the rapidity di3tributions can be overcome 

by r..oldng c:or.c not unreasonable assumptions about f a i;t knock-

out pro ton~ . Their frequency and an gu lar distribution are 

such that th~ prcdlctiono and the data are more compatible. 

T:-:c ::; c detailed manipuJ.<:.tion::; of the model will be left to ito 

.:.=d e nt propone:r1ts. If tr.i8 r:iodcl pi:ovcs to bo of merit, 

qu as tlons ace r~isccl concerning the general properties of 

the strong force and . our und e rst a nding of ::ipccJ.al rclo.tivitr , 

The r-re3u,-;;cC: coherence of the t -'.lrgct n ucleons, over diotnncco 

cf ~r; nuch as 10 to l5 fcrmiu, is h;ird to reconcile with the 

ris.1~c of t:1c stro:ig force, ( .. soveral fcrriis) and tho concept 

vf CCU>l<iU.':.y. 

Ccn ·rcn::ional arguments insist 1.:hal nuclear binding 

i~ t00 ' · ' 1k to b '.! o'.': any co nsequence when the b e ;im energy 

l~ of tho o rder of 1 00 ~~~- The fi r st cpiq0rle in e hadron

nucleu~ intcractio~ is we ll arpicxi~atod by tho pro j 1~tilo 

L0ns11cr lhc unlikely case ~here ~ho n~clcon~ or~ 

n~t effectively free. ·r ;1cn tne nuclear ::o.•ds cannot be 

i~nored. o~e would th~, expect the entire nuclcuo to rcac~ 

coherently. (0::.?hercnt-ball rr.odcl7) It ia not obviouo why 

the coh'.:!rent tubtl nodel assu.-n::s that the lor.gitudinal 

•i 

' ,. 

I 
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nuclear bonde are impcrtant whereas the transverse bonds may 

be ignored. Any mechanism that is invoked to explain this 

aoynm;etry must also be compatible with the existing knowledge 

on nuclear physics. 

. .. 
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Tne ~odcl of Rin!kows ki, Chiu and Tow 59 

A r.Qdel haa been proposeJ ~here the properties of 

hadrons are time dependent. Thb hypothcticill "maturity• 

ti.mo is o! the order of the strong interaction time scale. 

Thus tho cross-section of a h~dro~ io given by 

where T is tho naturity timo scale. 

Such a time dependence is very familiar in classical 

physics and appe~rs quite plausible. Since the propertien 

of hadrons arc mensurcd long after their creation, thoro a~o 

no explicit data contradicti ng thi& point of view. It 

appears tha t the only tests of this model will h.:ivo to come 

!roQ hadron-nucleus intc r.:ictionn. 

The rn0dcl attcrr.pts to explain the srr.all value of RA 

on the b3sis of this time dependence. I~ is hypothc~ized 

th:!t the tin.:il at.:itc h:.drons :.re produced inst;:int:inccu i;ly 

1 n a had ronic coll is ion. However, thc:io produced particleo 

are • i.JT.r.iat\:re" in the sc:·;Ee that thei r intcractiono crosc-

section3 are smaller th.:in the a5y;nptotic v;;luc3. A full-

fledged hadrc :; ic casc.:ido is therefore .:ivoidcd. 

The l!lode l, as at~ ~ed alxfve, cani;ot bo rcconc i led 

I 
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.,,ith the d .:ita of d,is expc:rir::en t. i-/owcvu:, by «,;r, ·.:·-. i.-.g th~t 

the ir.a turi '.:y rate i r. cn:-,;:n.::C!d ir. tr.c z,::c,se:.ce of ncnrby 

stronglf interacting ma tcri~ l la s i~sitc a nuclC!us) and ~y 

treating this "i1:.i..ic;:,,d i~.-itu:: ity rat -~" as a f ':ce p::ra:::c tc::-, 

nn adcq:.iatc fit to the rc5ults of thi:J expe ric.cnt .:.:. :; be"'" 

c!.Jt.ain.::d. 

It is noi: obviou s why the n.:turity r.:it r: i;:~ould de;ic:.d 

on tho environment, nor ia it obvious "'h:I th3 f"1:r.ar.cc:;.c, .~. 

should tako on th .:J form .:is ct:.med by the author!l1 

i ... 

where l is t he induced maturity path. 

If the det.:iilcd r::cc hcinisnis "nJ mu.thc::::i~ tlca arc 

ignored, it will be noti c ed th.:it the model io qui t e ~inilar 

to some of t ho mode l s mentioned 0arlicr, C!Xccpt !o= ee~an tic 

dif(erenc e s. Co nsider the p;:irton mode l. The ::. r:.1',.:.t~rc 

h3drono mu.y ba rega rded as the parton s befo=e Lh c latter 

rc-arrJn~e thc~sclvcn into p~ysical h~dro~s. ~he ti~e 

dc1cndcn~ cru ~s-scction rauy be r c ~n::- 2 ~J ~J 3 p~rtic~l~r 

. In the lnng ue:c_;c a: t.hc cncr0y flux cai::ccd~ ;7,,,,,:3 .~ '., 

,a(t) c.:in be con~idereJ ~s a u~y of ?artitioniny the fl~x 

into .sorno nu:n'.:.cr 0~ h;:ic:.:-oi'\ & c.1ch with t he c on:- ec; t ao.y:c;o tcotir:: 

crocs-ocction . I:: tho f .c;i.rnc'Wvrk of the t\·;o-f i::: cl:: l' .l 1:1o::J.'j l, 
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a (t) gives ~ pa:cticul.i!>r pararneteri:rntion of the decay Jf thG 

Jlowcve.-.:, unlike the other rnocJels, the time dependence 

i ·; nasur~ed t.:c M trn intrinsic pi:-opcrty of hadrcms. Thie is 

.. • . :.i; \:!ie;; 1;oveJ. '1.Lswnption that C::cacrvea further i:wostiga• 

......... 
. ... · ,~ · 
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