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Abstract Angular dl'~'.trlbUtlOn '` ol proton-proton elastic ~catlerlng have I'men lU,..'astlred for in- 
cident bearn mornenta ¢~l 1(I.0, 12.fl. 14.2 anti 24.0 (;eV/c ovel a range ot lab s c a t t e r i n g  
angles from 12 to 1.52 mrad. This is eqtllvalenl to a range  ol lour-nlolllentuln transler 
Squared lronl abotll 0.1 to 6.7 (;eV 2 at tile highest nlonlenlum. Nucleon rc',onance pro- 
ductmn in the Iv, o - b o d )  rea~.tum p + p , p + ¥ has been studied at 24.0 (,eV/c incident 
nlonlentum lrolll 13.5 to l 12 inrad b} llteaMarlnl~ the proton lllOlnentunl xpe~.tra from 
tile elastic peak do'a,n to a nlolllenttllll ~.orresponttlng to a n l l sMng IIIdSS ot  about 2.6 (;eV. 
l'he ne,,~ data ,ire tolnpared with prcvlou'~ results and theoretRal models. 

1. Introduction 

Since the advent  ot mult t-GeV p ro ton  acce le ra tms  large numbers  of  exper imen-  

tal ,,tudtes o f  elastic p r o t o n - p r o t o n  scat ter ing have been made.  In addi t ion ,  a con- 

stderable amoun t  of  r e fo rmat ion  on the simplest t w o -b o d y  ,nelastic pp reacuons ,  

p +p  ~ p + X (where  X deno tes  a nucleon resonance) ,  has been gathered.  As a re- 

suit, the general  features of  these basic p ro ton  react ions are wel l -known up to 

about  30 GeV/c  incident  pt o ton  n l o m e n t u m ,  but the deta i led  features of  the angu- 

lar d is t r ibut ions ,  part icularly at higher n m m e n t a  above say 10 GeV/c,  are poorly 

known ,  it may be added that pp elastic scat ter ing has been measured at the l'ughest 

t n o m e n t u m  transfer  o f  any had ton -had ron  reaction s tudmd because o f  lhe lugh m- 

tensHy and good optical quahty  o f  p ro ton  beams.  

The purpose  of  the present  expe rnnen t  was to s tudy angtdat d is t r ibut ions  m 

delafl over a large range o f  m o m e n t u m  transfer  and wi th  lugh accuracy.  With this 

t- Prec, ent address Dep,irtment ot l'll)sJ~.s, l_Jnlvcr,qt) ot Bergen. Bergen, Nor'~,.,l). 
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object in view a high-resolution, single-arm, magnetic spectrometer was employed.  
The results obtained comprise angulal distributions of  elastic scattering for incident 
proton momenta of  10.0.12.0,  14.2 and 24.0 GeV/c over a range of  lab scattering 
angles i'rom 12 to 152 nirad. This is equivalent to a range of  Iour-inonlentuln trans- 
fer squared from about 0.1 to 6.7 GeV 2 at the highest inomentuin. Some data were 
also taken at an incident momentum of 19.2 GeV/c to overlap with earlier me,isure- 
ments [ 1 ]. Nucleon resonance production was studied at 24 0 GeV/c over a range 
of  four-momentum transfer squared from about 0.1 to 1'~.4 GeV 2 . Prehnunaly values 
of  both elastic 121 and nucleon resonance production 13] data froth this experunent 
have been already pubhshed. In the present paper the final results will be collated 
with plevious experimental data, the aim being to present as contplete a plct tire as 
possible of  the sitt, ation up to 30 GeV/c. 

The contents of  the paper are arranged as follows subsects. 2 .1,2.2 and 2.3 
give an account of the available experimental data on pp elastic scattering and in 
subsect. 2.4 a brief r6sum6 ot the various theoretical models used to describe elastic 
scattering is given. The present expernnental status of  single nucleon resonance pro- 
duction is discussed m subsect. 2.5 together with a brief review of theoretical nrod- 
els. In sect. 3 the expernnental technique is described arid m sect. 4 the inethod of  
data analysis and the results ale presented. Sect. 5 gives a discussion of  the restllts 
on botil elastic and inelastic scattering together with a comparlsou with theoretical 
models, and sect. 6 presents the conchisions of  the expei nnent in the hght of other 
results. 

2. General discussion of  the present status of high-energy proton-proton scattering 
experiments 

2. 1. Elastic proton-proton scattering - general remarks 

Tire most striking feature of  high..energy proton-proton elastic scattering, in 
common with tire other hadronlc systems, IS the division of  the angular distribution 
into two rather distinct regums of  momentun~ transfer. The regions may be charac- 
teNzed, qualitatively, as follows 

(i) There is a sharp forward peak, which may be described by 

d o  
dt  e x p ( - b l t l + c t 2 ) '  (1) 

where I I l l s  the square of  the four-momentum transfer and b and c are parameters 
(b "-" 10 GeV 2 and c ~ 2 GeV ~ around 15 GeV/c). Relation ( I ) is valid 1or 
I tl ~< 1 GeV 2. This part of  the angular distribution is weakly energy dependent or. 
m other words, the parameters b and c vary shghtly with energy, the angular distri- 
bution thereby shrinking. The torward peak is generally recognlsed [4] to be a dlt- 
fracture or shadow scattering phenomenon caused by the absorptive processes 
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(comprising about 30 mb out ot a total closs section of about 40 rob) m high-energy 
ppcolhsums Asa iesu l t ,  the forward sca t le imgamphtudetsmamlymaagmary .  

(n) |-ol I tl>~ 1 GeV 2 the angular thstrlbutmns are much flattm than described 
by eq. (1), being qt,ahtalwely ol the form ~ exp - - (b 'x / I  tl),  and have a very ~liong 
energy-dependence. 1 heie is no genmal agreement aboul the scattering nlechanlsi/l 
m lhis ~egum. Thus. tor this reason and becai,se ot tilt lack of accurale experimen- 

tal data. the experunent presented m fillS paper concentrated upoll this |nomenlum 
transtet legion. 

The desct lption ol elaslL sc,ttlermg which tollows is bz, sed upon the crude dlvl- 
SIOl] t.oIHdlned above in points (I) and (11). "Fills IS I]Ot tO say that any proloulld 
physical stgmficance should be alta~.hed to such a thvlslon, rather it plove', to be a 
COllvenienl  1110,111',, O( ple~,ent : l l lOn.  

2. 2. 1 lasttc p r o t o n - p r o t o n  ~ a t t e rmg  m the d t / i rac t ton  region { I g [ ~ I (,eV 2 ) 

The experm/ental mfl)rmatum 151 collected m the dfftract|on zegion is consider- 
able. and the shape paramelers b and co t  h)rmuhi (I)  are reasonably wcll deter- 
n'uned tip to 30 (,eV/<' incident proton momentt,m, by tlttmg ovm a I tl range up 
to I GeV 2. [ or a sulficienlly small range of I t[ tormula (1) Is obvlou,,ly well approx- 
minted by 

d a 
dt exp[ bill) (2) 

In the smlplest optu.al model descnptum 161 of dllfiaction scattering the param- 
etm h. measured as n tl -+ 0, is pit~poltumal to the square of the proton iadms. The 
essentml energy-dependent.e or shrinking ot the difltactlon peak Is chalacter|sed by 
the rot.tease of h with energy. Meastnemenls 171, for I tl ~ 0.1 (,eV 2, show that the 
sin mkage ctmtmues tip to 70 GeV m a mamaer compatible with a logaritlmut. 
cnergv-depcndence. Ftuthein,ore. lcsults [8] obtained at the CI'RN Intersecting 
Storage Rings (ISR) indicate that the shrinkage extends into the regum ol several 
hundted to above one thousand GeV Recent measurements [91 at the lSR,  lor 
energies equivalent to 500- 1500 GeM. show that tormula (2) Is not a good lepre- 
sentation ot the dillerenual cro,,s ,,ectlon ovel the range 0 ~ I tl <~ 0.2 GeV 2. In 
tact. there is a "break" m the angt,lai dlstrlbt, tton around I tl ~ 0.1 GeV 2 and ['ol- 
mula (2). v,.lth an approprmte value ot h, gives a good description ~1" the data below 
tins mommatum tt,msfet. This structure was indeed suggested by the data t,p to 
30 (,eV/c, as pointed oUl by ('atltgan [101, howevm the detad.,, ot the angular d|stri- 
bulions up to [11 ~ 0.2 GeV 2 ale m~t yet well-known m this momentum ~ange. 

~..~. I' laslu' t m m m - p r ~ t o n  w a t t e r m g  at m o d e r a t e  attd large m o m e n t u m  tran.\/er~ 

{[tl>~l GeV 21 

I-xpeiunents to measure complete angular distr%utums m delad tor I t l ~  I GeV 2 
have been little pet hnmed at proton momenta above 7 (;eV/¢. Reasons tot this 
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are that tile cross sectnms becolne very swnall arid that large ranges of nlt)mentunl 
transfer must be covered; for example, the motnentuna transfer ['or 90 ° scattering 
at 30 GeV/c corresponds to It I = 27.2 GeV 2. 

l'arly measurements of ]ugh-energy pp scattering for I tl >~ I GeV 2 were per- 
formed at CERN [ 11 ] and at Brookhaven [ 12] The data collected, although rathel 
sparse and not very precise, did indicate tile rough general features as descllbed by 
point (n) In subsect. 2.1 above. In partlculal, they showed the very rapid decrease 
with  energy of the cross section al fixed inolnentum transfer. A simple parametrlsa- 
lion representing the rapid decrease was suggested by ()rear [13] who showed that, 
within errors, tile dltferentlal cross sectum at large monlenttun transfers could be 
Wrltlell 

do 
~ - ~ = A  e x p ( p , l / a ) ,  (3) 

where v is the square of the c.m. energy, do /d~  is the c.m. differential cross section, 

and P r  is the transverse nlonlenlulll p Sill 0. 

In the Orear fit the constant a was 15g -+ 3 MeV/c. This fi~rmula was found to 
hold wlthm the rather large experimental en ors over a range ofPT troxn 0.g to 
4.0 GeV/c and tot data covering incident momenta fionl 1.7 up to 30 GeV/c. In 
add,lion, the same parametrlsatum, dltferlng only m the coeftmlent A ,  was found 
[ 13] 1o fll lhe available data on the nlelastlc reaction p +p --+ rr + + d. 

"I11e exponential dependence on tile transverse monmnttun indicated by eq. (3) 
led to an attempt to understand the physics of large momentum transfer scattering 
in terlns of a specific model, the "statistical" or " thelmodynannc"  model of Ilage- 
dorn {14]. Indeed, the coefflcmnt a as deternnned by tile Orear parametrlsatlon 
seemed to be numerically very close to its allalogue (tile maximum temperature} m 
the thernlodynannc model. In addition the expertlnental results ot Ankenbrandt 
et al. [ 15] on the production ot nt,cleon resonances at large momentunl  transfers 
In proton-proton colhslons could also be interpreted from a statistical or thermody- 
namlcal point of view. since tile cross sections were tound lo be ol the same order 
and to behave in a similar manner to those tor pp elastic scattering. 

The thelmodynalnlC model of tlagedorn could give only a qualitative pledlt.llon 
that the dlfferentml cross section near 90 ° should fall as an exponential in tlans- 
velse monlentum, with a slope ot about the value found expernnentally, and no In- 
formation about the angular distribution, l towever, other statistical model consider- 
ations by Ericson [16] gave specific predictions on the angular dlslrlbutum, by anal- 
ogy with the situation m low-energy nuclear react,ons. Because ot tile random na- 
ture of the partial-wave scattering amplitudes in a statistical model, Ericson predicted 
that the angular distribution at fixed energy should show a characteristic structure 
in the forin of fluctuations Such fluctuations had indeed been observed m nuclear 
reactmns In the 10 MeV range. 

An expermmnt designed to search for these fluctuations was carried out by 
Allaby el al. [17] who measured the angular dlstrlbutlon for pp elastic scattering at 
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16.9 GeV/c  incident nlOnlentum over tile c.m. allguldr lz, nge 67" to 90 ''. No fluctua- 

It(ms were found,  which led t(5 a thscatdliig of  the Stllctly statistical ul terpreta t ton 
of  lalge inonlelltUlll ll,ln~,fer scattering. I11 addl tum,  tills exper iment  showed an cx- 

ponentml  tall-oft with p I • but ',,, lth a dlf terent  coefftt.lent t tom tile " 'universal" 

slope ol tile (.)rear fit. The vahle of  a t rom tile ile~ exper iment  was 225 ± 4 MeV/c. 

This result led to an extension [ 18] of  the ineasulements  over a lange of  lllCl- 

dent m o m e n t a  from 8.1 to 21.3 GeV/c  to dete ,nn, le  tile momen tun l -dependence  

o f  the parameter  a In the angular regum (~7 ° 90 '°. The pm ametm a was found to 

change abrupt ly  from a vahle o f  160 MeV/c to 230 MeV/c at an W cldeflt momen-  

IIlna o 1 " ~  10 (.~eV/t' .  

Related expermlents  wele  C,lt~led out by Aketh)f  et al. Il t)]  who measured tile 

differential  cross section ,it 90 ~ t..nl, angle at many momen ta  be tween 5.0 and 

13.4 GeV/c.  The discont inui ty  m the p,trameter a was reflected by a sharp change 

in the rate ot decrease of  Ihe dl tfelel / t lal  t.toss set.rio,1 at 90 ° as a fLlll t . | lOn (51 lllCl- 

dent momen tun l .  In tact. when the ~esults wele plol ted m the form ot I n ( d o / d r ) 9 0 ,  
'7' 

against P~-an. they were found to I~e on two straight hnes mtelseCtlng at a vahle ot -) 
P~.m. corresponding to a lab illOlllClltlllll (5t g (,eV/( 

Since tills nlterestlllg phenomenon  seemed to appeal In tile legion ot 8 ( ; eV/c  

incident m o m e n t u m ,  turther  measu iemeuls  wele m,tde 1201 in tile range 7 to 

1 2 G e V / c m o , d e r l o s t u d y  theangt l la l  d l s l r lbu t lonove!  the range 40 ° 90 °c .n l . .  

The results suggested th,,l the " b l e a k " .  ol change ot exponent ia l  slope o f  tile angu- 

lar dis t r ibut ion.  WdS tile ref lect ion ot an unsuspected structure Wlllch seemed to 

appe,u at incident momen ta  above g GeV/c  and at a value ot the fou r -momentum 

transfer squared I tl ~ 1.5 ( ;eV 2. Unfol t t ,  rlately the data did not extend to small 

enough angles to pernnt  a det mite conclusloll ,  :ilso any interpreta t ion relied on 

hnkmg tip these data poults  with older results on elastic pp scattering in tile ddfrac-  

l i o n  region. 
Thus 11 seemed desirable to emend  the,;e measurements  over a wide angular range 

Using a lugh-resolut lon,  single-arm spect rometer ,  the angular dlstt lbutlons tor elastic 

pp scattering wele measured a! ('1 RN I I ] over the lange 0.1 < I t1.4 6.0 ( ,eV 2 at 
19.2 ( ; eV/c  Incident nmmentuu l  and 0.1 < I1[ , (  1.9 ( ;eV 2 at 21.1 GeV/c .  These 

elastic dis t r ibut ions gave st, tktng t .onfmnat lon  of  tile structure at I t l  v I .5 GeV 2 

suggested by the l:qevlous measurements .  The p,esent expm Iment provides ful ther  

l n h m n a t l o n  on this point  be tween 10 and 24 GeV/c .  

2.4.  1: las'ttc s{ a l t e r i n g  - t h e o r e t i c a l  approa{  hes  

A large amount  of  theoret ical  work  [21 ] has been done on elastic p to ton-pro t (m 

scattering a~ld tile lo l lowlng does not aim to give a conlprehenslve survey, rather 

tile most intensively pursued models  or approache,, will be listed and briefly de- 

scribed in ordel to p lovlde  a background lot  compal l son  with tile data. 
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2.4,1. Thermodynamic  or statistical model  
The purely thermodynamic or statistical model, which has already been men- 

ttoned in subsect. 2.3, has been redlscusscd by Frautschl [22] who suggested that 
a necessary condition for the generation of  Ericson fluctuations Is the presence of  
direct channel resonances m the scattering system. As the pp syslem possesses no 
direct channel lesonances, the expermlental absence [ 17] of flucIUdIIOns cannot 
then be used as a proot of  a non-statistical behavlom m lalgc-angle pp scattering. 
Tlus question may therefore be consldeled to be ~till open. 

Z 4 . Z  DzJfractton or shadow scattering model~ 

The physical Idea that high-energy elastic scattel mg is essentially shadow scat- 
terms resulting from the absorption of the incident waves by the many open rater- 
action channels has been turned into a tormal diffraction model by Van l love [ 4 I. 
The use of a particular "ansat, '"  for the overlap function des~,nbmg the contribu- 
tion of all Inelastic final states to the unltarlt} condition for elastic scattering leads 
to a form tbr the diffraction peak of  the type gwen by formula (1) m subscct. 2.1, 
and to the correct ratio oI elastic to total cross sections. Thl~ approach has also 
been employed in an at tempt to understand the ongm of  the "break" at g GeV/c 
described above in subsect. 2.3. It was pointed out [18] that the baryon pair pro- 
ducuon processes near threshold should have xe,tctwe el lects  on the low partial 
waves of  elastic scattering, thus modifying the angular distribution at large angles. 
A umtarzty calculation along these lines by Kokkedce and Van Iiove 123] indicated 
that the total baryon pair production cross section around 10 GcV/c was of  the 
right order of  magnitude to explain the change of  slope at 8 GeV/c  

The diffraction model of  Krlsch 124, 25] also relates elastic scattering to pro- 
duction processes. Using all the data available tip to 1967, Kusch round that thc 
tormula 

3 
d o _  ~ cl exp ( - [32p] /g , ) ,  
dt ml 

(4) 

where cs, g~ are parameters,/3 Is the c.m. proton velocity and PT Is the transverse 
momentum, gave a rather impresswe fit over 12 orders of  magnitude ot the cross 
section. The fact that three regions appeared which wc~e cxponentml m the van- 
able/32p-~ was Interpreted as being the result of  diffraction scattering associated 
with three different types of  inelastic processes namely plon production,  kaon pro- 
duction and anti-proton production.  In other words, proton scattering should be 
understood m terms of  shadow scattering from three distract spatial regions. Sub- 
sequent more accurate data do not fall on the dependence (4). In particular the 
data In the region of  the structure, at I tl values ~ 1.5 GeV 2, fall well below the 
suggested parametrizatlon. Hence the snnple and attractive features of the model 
are rendered invalid. Furthermore,  experiments [26] on inelastic processes, per- 
formed specifically to test the model, have given negative results. 



322 J. I. 411ah~ el al . pp ela~tt¢ ~¢attcrme 

Finally, ,n this context ,  it is worth not,ng st,ggestlons [271 that the variable 132p] 
t'tn elastic scattm mg Is a specml case ot ,i more general variable of use m discussing 
scattering processes and 111 particular at slnall monaentum transfers. 

2.4.3.  Op t i ca l  m ode l s  

As shadow scattering IS evidently an m'tportant element m elastic processes the 
description by a Fraunbofer dlftractlon optical mc~del is clearly indicated. The math 
ematlcal formulation IS well detmed and the physical Input consists essentially ot a 
postulated matter density dlstrlbutum. An early attempt m this direction was made 
by Serber [28] who tried to reproduce the t-dependence ot tile data ol refs. l11, 
121 using a matter density distribution obtained by superimposing a Yukawa and 
a Gaussmn shape. The model did not lepresent tile situation very well. particularly 
with the advent ot later data of higher accuracy 

With regard to the question of the matter density distribution, Wu and Yang 
[ 291 made a suggest Ion which connected elast lc pp d fffele nt lal sca tternlg cross sec- 
tions with tile fourth power of the proton electromagnetic tornl factm Tins effec- 
tively ldentdles the proton matter distribution with the electlomagnet~c charge 
distribution, as determined by electron-proton scaltermg Taking into account tills 
Idea ,ind considering protons as extended nuclea~ nlatter dlst~ lbutkms, deternnned 
by the electromagnetic form tactor, optical models [301 have been used to ualculate 
an elastic scattering angular distribution which Is supposed to hold at asymptotic 
enmDes Th~s latter p o i n t  IS an interesting suggestion, at it indicates that the hill- 

l ln lg  t:,l asymptotic behavlour can be predicted l l o n l  lntOZm,ltlon already available. 
II is tytncal ot these models that they predict sharp d l t f l ac l l on / e lo s ,  tile positrons 
beuag dele~nnned by tile detailed shape ot the ttenslty distribution 

1he ob.~er~ed atructule m tile angular dlstltbt, tlon, described m subsect. 2.3. 
beal~ a quahtatlve zesemblance to that ot the optical models bul.  as such models 
are vahd only at asymptotic  energies, the observed enmgy dependence cannot bc 
discussed within this context .  Additional energy-dependent amplitudes have to be 
m c l u d e d t o g l v e a t e d s o n a b l e d e s c r l p t l o u o f t h e d a t a  Indeed someop t t ca lmode l s  
merely use the forlndhsln as a tramework to p~ovlde a 1"11 to the data USllJg enmgy- 
dependent amphtudes 

2.4.4.  M u l t i p l e  scattering model~ 

Results [31 ] .~lnular to those from the optical inodels have been obtained by 
considering the proton as made up of a large or small number ot constituents, or 
more speudlcally ot quarks, and performing the calct, latlon of the cross section In 
term.~ ot the nlulttple scattering formalism of (;lauber 1321- In fact a formal con- 
nection exists between the optical models 130l and the multiple scattering method. 
The higher-order diffract ion minima of  the opt,cal models appear m the Glauber 
method as mlerlelence between different orders of scattering (single and double,  or 
double and t~ lplc scattering, etc.). Fin increasing momentum transfer, higher-order 
scattering processes become more important with respect to single scattering Con- 
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sequently, a posslbthty underhned by this approach is that there ts no true high 
momentum transfer elastic scattering, rather that large transverse momenta are broil 
up In a serms of steps and not generated m one Iocallsed deflecllon. 

In the t ramework of a multiple scattering description, a particularly luckl dlscus- 
ston has been gwen by Cocconl [33] who related the transverse momentum depen- 
dence wluch is essentmlly Gausslan m behavlour at small angles [eq. (2)1 to the ex- 
ponential behavumr at large angles [eq. (3)]. 

2.4.5. Models' mw~lvmg Reggc ~tn~dartttes 

It has been hoped that Regge theories would provide a dynamical basis tor strong 
interactions alld In particular of  hadronlc elastic scattering. Such an ambitious pro- 
gramme Is very far from bemg achieved, and may indeed be mlposslble to accomphsh 
nevertheless a uselul phenomenology has emerged on the basis of this theory. In tire 
following, some ot the Regge approaches to elastic proton-proton scattering wdl be 
brml]y listed. 

Convent tonal Regge-pole theory ha,, been repreatedly used [34] to describe scat- 
termg at small and at mtermedmte momentum tlansfms. St,oh models generally re- 
volve the exchange of at least three tr,qector~es, m particular the P, P' and co. I lie 
approach h such that the numbez ol independent adjustable parameters is l,,xge and 
consequently good fits to the dat,, can be obtained 

Wh,lc the normal Regge-pole cal~.ulattons would be generally considered to apply 
for small to modmate momentum tlanslets, I1 has been noted 1351 thal other singu- 
larities m the complex angular momentum plane, namely branch points ol cuts, 
shot,ld pla? an mq~ortant role. particularly at large tnomentum transfers (onse-  
quently models revolving both poles ,,nd CtllS have been used to discuss the data 
lhe "hybrM'" model of Chltl and I-mkelstem [36] is an interesting allelnpt In Ibis 
dlreclk)n. An amphtude containing both poles and culs IS constructed t'~(>m a pa)t 
corresponding It) the asymptotic [Inlll ol Chol.l and Yang (ettectlvely a llxed 
Pomeranchuk pole)and a pa~t consisting of normal moving Rcgge tralecto~ms. The 
latter introduces an energy dependence wluch becomes asymptottcally ,,e~ o. the 
need tor wluch was noted above m subscct. 2.4.3. 

An approach related to the original work of Anselm and l)yatlov [35] has been 
ntade by ['rautschl and Margohs [37] who employed ,, (;lauber-hke multiple scat- 
terlng [Olilla]lSln to generate nlultlp]e exchange correctums ,n a model employing 
amovmgl~omeranchukpole  At e n m g m s m t h e 2 0 ( , e V r e g l o n , b o t h t h e ( ' h m -  
F'mkelstem and Frautsclu-Margohs models give quahtatlvely smular results. At con- 
siderably higher energies however the Chm-Fmkelstem cross sectum app~ oaches the 
('hou-Yang asymptotic hlnlt while the Flautsch>Margohs calculation predicts a 
cross section which decreases drastically with energy, essentially becat, se of  the typ- 
ical energy-dependence of a normal (moving) Rcgge-pole. 

Other [38] pole and cut models with specffu, forms fl)r the smgt, latlttes. I'm ex- 
ample a Vene,,lano representation [39]. have been worked out 

In a rather dltferent approach tt has been suggested [40] that the pp scattering 
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amphtude is composed of  two parts, one being ,t diffractive taft which falls very rap- 
Idly tor fixed t as tile enelgy is increased, and the other a point mteracl)on of  cur- 
rent-current torm which depends on t ahme. As the enmgy m the scattering process 
Is increased tile contact term eventually dominates. In this model tile energy-depen- 
dent part of  the amphtude ts provided by a normal Regge pole term. The contact 
Interaction, of  vector forln, is concerned with the same current whose trausltlOn 
torm factors are measured m weak and electlomagnetlc processes. A calculation 
satlsfymg umtanty  yields a smooth,  structureless angular dlstr lbutmn, not too fal 
in ovelall cross section from the data arot,nd 25 GeV. While lhe absence of struc- 
ture may be considered as a defect of ttns model, the interpretation of  large-t, high 
energy pp scattering m terms of a fundamental pomt-hke Interaction remains alr 
Interesting suggestlt)n. 

2.4. 6. General propertws o f  the s'cattermg amphtude  

The strong energy-dependence of tile large-angle differential cross section, de- 
scribed roughly by eq. (3), has been discussed m connect ion wllh lhe genelal prop- 
emes of the elastic scattering amphtude.  It may be shown [41,42] ,  from analytlmty 
and un| tarl ly,  that there is a lower bound for the elastic arnphtude at fixed (large) 
angle which is gwen by 

/(~, 0) >~ K exp~ - c ( 0 )  ~v In s) (5) 

where c(0)  and 7 ale poslUve, and K Is a constant.  The original work ot Cerulus and 
Martin 141 ] gave 7 = J, whereas a later discussion 142] revolving a hnearly nsmg 
Regge trajectoly gave 3' = I. The large momentum transfer data available violates m 
no way the botlnd tot rather possibility. That this lower bound seems to be satu- 
rated has led to tile speculatmn [43] that large-angle scattering takes place with a 

mmnnal mteractum, the cross section decreasing with the energy ,n tile fastest pos- 
sible way. 

Z 4. Z S u m m a o '  

The prevum~, paragraphs may be taken to indicate that, m spite of the great diver- 
sity of  models, there Is no complete and satisfactory descnpnon of  tngh-energy pp 
scattering Neveltheless several interesting general points emerge from the various 
considerations, First, there Is the posslblhty of  a Innmng or asymptotic angular dis- 
tr ibution emerging at presently available energies, which may be related to the dec-  
tromagnet~c fol m [actor of  the proton.  Next, multiple-scattering effects enter natu- 
rally rJa several models and may be judged to be a possible universal feature of  the 
scattering outside of  the main dlffracnon peak. F.nally, the question of  what actu- 
ally may be learned about the structure of  the proton m pp scattering experiments 
is raised, the answer to this being very dltferent depending upon the model favoured. 
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2.5. Nucleon resonance produ{ tlOtl lit IHela~lIC prolo/l-prot(m scattering 

2.5.1. Evpermwnta l  summary  

Systematic studies of  the Inelast,c two-body process 

p + p - + p + X  

at high energies were first made by Chadwick et al. [44] and by Coccom et al. [I 1, 
451. The experimental approach employed was that commonly called the "m,ssmg 
mass" method,  in which forward-scattered protons were detected after magnetic 
analysis. 

Taking (E 0 , p 0 )  as the incident proton four-vector and (k. p) as t h a t  ot the scat- 
tered p~oton, the nalssmg mass M x Is g,ven by 

M 2 = ( M + I : ' o - t : ) 2  ( p O - p )  2 . (6) 

and hence 

M ~  = M2 + 2 M ( E  o E ) + t .  (7) 

For not too large angles and for 131gh energms, eq. (7) may be sm~phfled to give 

M 2, _ M 2 

~ P  - 2M ( 8 )  

where Ap Is tile difference m labmatory monmntunl at a fixed lab angle between 
elastmally scattered protons and those melastmally scattered to produce a nussmg 
mass M x . 

The measured momentum spectra [11 ,44 ,45] ,  m a range ot A p  ~ 2 (,eV/c. ex- 
hibited peaks superimposed on a continuous backglound. The peaks remained at a 
fixed Ap independent of  enmgy and scatter,ng angle, indicating the excitatum of  
states of  well-defined mass. In fact, the calculated values of the nussmg masses cor- 
responded to those of  three nucleon resonances found m pure-nucleon scattering 
phase-shift analyses [46] namely the isospm I = ~ A(1236) and the isospm 
l--~t N(1520) and N(1688). In addmon,  there was the suggestion [45] of  a peak 
at a mass of  about 1.4 GeV excited at small momentum transfers, which was tenta- 
tively associated with an isospm ½, Pll  state fot, nd 1471 m phase-slutt analyses at 
a mass of  1.47 GeV. 

In subsequent work by Bellettmi et al [48], between 10 and 26.4 GeV/c, the 
strong excitation of  a well-defined peak centred around a mass of 1.40 GeV was ob- 
served at very small momentum transfers ( I t l  <~ 10 -2 GeV 2) This result strengtl> 
ened the belief that the peak corresponded to a nucleon K esonance rather than to a 
kmemauc effect [49]. 

Further work on single nucleon resonance productum m two-body processes by 
the missing mass method may he listed as tollows An extenswe lnvestigatmn ol 
resonance productmn tor I tl<~ 1 GeV 2 :it modent  momenta ot 6, 10, 15, 20 and 
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30 GeV/c was made by Andmson  el al. [501 who included the observauon of  tile 
exctlat ,on ot tile ,sospm ½ re.,,onance N(2190).  Data m tins small t-range but  at 
lower mcidenl  momenta ,  between 2.8 and 7.9 ( ,eV/c.  have been reported by Blair 
el al [51 ] and at vmy small I tl. less than 0.2 (,eV 2, by Foley et al. [52]. Tile low 

energy (me,dent  n m m e n t a  between 3 and 7 ( ;eV/c)  and large m o m e n t u m  transter 
region has been exlenslvely studmd by Ankenbrandt  el al. [53 ], whde Allaby el al. 

[54] have explored tire large monaentum transfer (I t[ ~ (~ GeV 2) ,egkm al 
19.2 GeV/c.  The p,esent exper iment  prov,des an extenswe study at 24 ( ;eV/c  up 
to a I t[ value ot"6 GeV 2. 

2.5 2. (;eneral leature~ o f  result~ 
"lhe angular d l s t r lbu tnms ot the nucleon resonance reactions exhibit  the general 

features, which have been outhned tm claret, scattering m subsecl. 2.1. of  essen- 
trolly all pe, ,pheral  two-body hadromc reactions. The detailed torm of  the weakly 
energy-dependent  t o r w a r d p e a k ( ~ e x p  [ B l t l l ) d e p e n d s ,  however,  u p o n t t l e  
resonam.e produced,  tile paramete) B varying between about  4 (;cV 2 for the 
N(1688)  to abot,t 18, (,eV _'2 tm tile N(1400) In th,s regkm the detailed dynanucal  
tea tmes ot the p roduc tum process clearly play a ,ole. For I t l ~ I GeV 2 the angular 
dls t t ,but lons o] tile product ion  ol lhc -X(123(~). N(1520) and N(1688) have been 
recast, red 1531 m detad at energies up Io 7 ( ,eV. and they exhtb,t a tlat /-depen- 
dence smul,u to elastic , ,tattering at I,,tge ino,l lenlt ,nl  t r a l , s f e ,  

Ihe most striking featu,e ,,1 the sln,,le= resonan,_e exci tat ion ,s the dlt terem.e 111 
the enmgy dependem.e of  the ,sospl,i $ state A( 1 ' ' i ~ : 0 )  and ol the ,sospm > states. 
11 ,s lotmd 1501 that the t~,odttctlon closs sect,on lot the lSOSplll / stales ,s rather 
constant  between 5 and 30 ( ,eV/c.  while that lo, the A( 123(~1 dec,eases ,ap|dll, .  

l'h,s behavlour,  an ea,ly and m/p tn tan l  result of  these studies, indicates tile dotal- 
ha,ice .it tugh energ,es ol p,ocesses In wh,t.h mumnal  e',.change of  dyn,m|lcal  va,l- 
ables occtn thodt, ct ,on ol a A(123(>) necessitates an exchange process revolving a 
unit ol ,so'..p,n. wlule the product ,on  ol tile N( I = ½ ) ~c.,onant.cs ,s on an equal 
h)ot mg with elastlt, scattering in tlu~ t espet.t ~eqtnt,ng nt) change of  ~sospi,1. I hese 

gene)dl lded,., have been formulated 1551 ill,de, lhc heading t)l "d l l l l ac t ton  dl,.,Socla- 
turn'" p,ocesses m winch the final slates are. with rega,d to lhe mlpo, lanl  quaIlltul, 
numbers .  ,dentlcal to lhe ,,1111.,I states. 

For tins class of leact lon all empmcal  select,on rule has been proposed ,ndepen- 

dent ly  by Mo,nson  15l~] and b;v G n b o v  1571. "llns ,ule constrains the p a n t y  change 
A P  and tile spin change A.l between tile initial stale ,,nd the final stale p, | r tMes 
{dfftracuvely prodt,ced) to follow the relalum ..3P = (- 1 )~J .  The bumps  m the 
nussmg moss spectra at 1.52. 1.(,9 and 2.10 GeV indeed correspond to tile mass 
~,alues ot known resonances whose spm-pmlty obe 3 tins rule. It has also been found 
to apply lor meson-uut tated reactions [52] 

h should be noted that the present evidence lor a great numbei  of resonant 
state~ Ill the pton-nucleon system ,.au..,es sonic dffttculty In ass,gnlng unambiguously  
tile established resonam.es to the bumps  seen ,n tile m,ssmg mass spectra. In fact 
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there Is no expermaental prool,  at present, that each peak of  tile m,ssmg mass spec- 
lrunl corresponds to tile excitation of  only one resonance, and not to a mixture of  

several of  the many nucleon resonances known from phase-shift analyses. 

2.5..¢. Theore t i ca l  cons'tderaltotls 

Whde tile theoretmal dlscussmn of  elastic pp scatte,mg can revoke certain general 
features of  colhsmn theory,  for example the use of  the optical theorem to fix tile 
mlagmary part of  the forward scattering amphtude,  the dlscussum of  the inelastic 
two-body processes p + p -, p + X Is. a pru~rt, much more dependent on the de,ads 
of ~peclfic models For ms, am.e. it might be expected that changes of  lsospm, of  
spin and of  parity m the t,nal stale resonance should have ,npor tan t  dynammal con- 
sequenccs I lowever, as noted mst,  bsect. 2.5.2. while observatums indicate that tile 
spin and parHy cannot be "gnored, It Is tile Isospm character (1t the resonance wh,ch 

A(1236)  l,, the most nnportant teature at high energies. Specifically the lsospm 
excHatum has a strong energy dependence m ,ts production,  whde the observed Iso- 
spin ½ ~tates have essentially no energy dependence. 

The general idea of dlt fractlon dissociation [55] for tile lsospm ½ resonances, al- 
though p o w e r t u l m o v e r a l l d y n a m l c a l c o n t e n t ,  l s q u l t e v a g u e m d e t a d  Optical mod- 
els based on this idea and on the ohm nuclear physics t.oncept ot "inelastic dlll'rae- 
tltm scattering" [581 have been elaborated by Feld [513] and by others [601, al- 
tlmugh without any very clear conclusion. I he more general aspects of  the d,tlrac- 
tlve excltatum ol the lSOSpln ~ states have been dl.,,cussed by Chou and Yang 1(~1 [ 

In a ~elated ~.onlext some d)scusslons 1(,21, based on the W,'u-Yang conlecture 
[213]. have related tile productum ol the lsospm ~ restmances to elastic scattering. 

1 The basic dfffmence m the energy dependences ot the isospm 3 and :~ slates is 
autt)matlcally act.omulodated ,n a conventional Regge-pole model, as evaluated. 
for example by Contogourls et al [b31. In this framewolk,  tile / = ½ lesonance pro- 
duction Is the rest, It ol the Pometancht,k tralectory ext.hatage, wlule the I = ~ A(123(~) 
productum Is dominated b~, t)um cxc.llange. The energy dependencc gwen by plon 
exchange l sapp loxmla te ly~  2 w l u c h l s c o m p a t l b l e w l t h t h e d a t a o n t h e A ( 1 2 3 6 )  
production A dtmlmant pomemn exchange leads naturally to constallt cross sec- 
tlons, as dlscussed by l ' lautsclu el al [64] ,C(mtogomJse ta l .  163] and later by 
Margohsand Roltstem [65] fora  t la lectoryv,  l t h a s l o p e o t a b o t ,  t I GeV 2. as 
t i l ted by the data. However, complete conventional Rcgge-pole dlscusskms revolving 
more than a single trajectory contalll all of  tile amb!.gUltles and patametrlsatlons (1t 
those describing elastic sc.attermg. 

The role of cuts m lsospm ½ resonance productl~an has been discussed by Chin 
and I.mkelstem [36] and by Frautschl and Margohs [66] ii1 t teatments analogous 
to those used for elastic scattering. In general, Regge cut% interpreted physically m 
terms of  multiple scattering, would appeal to be m~pollant at latge nlomentum 
transfeis and lead tt) rather tuuversal angular dlstrlbulum,, 

Cross sections l()r nucleon resonance production have been calct, lated by l lendry 
and I retd [67 I, employing the quark model and tlSlilg the mt, ltlple scattering for- 



328 I.I. A/lain ct al., pp  ('lastt( ~(at tcrmg 

realism ot (,[aube]. In this approach Ihe d]llerence between the angular dlstrlbullOnS 
ot the N( 14001 and ot the N( 16881 production 1,, explained by the dlllmence in 
then ~espcciwe tluee-qttatk '~ystem wave ttll/CtlOns, the tormet corresponding to a 

tadl,tl eXClt,tllon and the latter to an o)bltal exclt:.lllon. 
11 nla} be com.luded that whde all ol the lheotellcal tormahsn|s applied to elas- 

tic scattel lng may be applied to the re'.,Oltdllce production p~ocesses with varying 
tlegtees o l  success, there ale tv,,o general 1de,is w h l c l l  lemam the most lmportalH. 
]}lCse ate the general concepts ot dtllracl tolt dls',,OClatlOll for lsOSplll ~ sidles alld 
tile lmporhlnce ot muhtple watte~ lllg eftects at large lllOlllelttltm transfer. 

3. The experimental technique 

The experiment was pertolmed :it the ('I.RN I ) r o l o n  Synchroton using a slowly 
extracted proton beam lncktenl on a hqmd hydrogen target. The layout ot the ex- 
pet relent 1,, shov, n m fig. I. I lie torv, ard-scaltered protons were momentum anal- 
yscd by a single.arm, magnetw spect~ometel and detected by scintillation counter 
hodost.t)pes. 

The S,tllle appdrdlllb W,t,, uwd It) Mttdy othel ptoccsse,s prot(.ln-neulton elastic 
cl os~ ~ecl urns have been obtained I tom pt oton-deuteron ac,ittel mg [fig], the dll ter- 
entlal cto~s ~eCllonS tOl the prodt, cllon ot drr + and dp + t rom pp collisions have 
been meastned I69].a survey of patllcle produLtlon t rom pp colhsmns has been 
lepwted J701 

3. 1. Beam, large! alld IHOlll,Qlrltlg 

l h e  exttat.ted proton beam used at 24.0 (;eV/( wa,, the ,4and,ud Ct-RN tacd]ty 
and h,,d ,t spill length of about 350 msec and an intensity of about 1012 protons 
every 2 sec lo t  the measutements at 10.0, 12.0and 14.2GeV/c, theexttacted 
proton beam was opmated ltl a p;JhlMllC mode ,&llh a spill length of about 100 ii1se.c 
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modulated by the RE structure of the accelerator Tt lemtens l tyol  tile beamm tills 
mode was typically 10 II protons per pulse 

"lhe proton beam was focused onto tile hquld hydrogen target where tile spot 
size was approxmlately 4 mm diameter wllh a bealn divergence ot less than 

-+ 0.5 mrad. 
The hqmd hydrogen target ]71I was tefrlgelated by cold gaseous hehum and 

was remotely controlled. The talget cells were cyhndrlcal and 4 cm m dmmeter 
with tile axes ahgned ahmg tile dlrectmn ot tile proton beam. Data were taken with 
cells ot l0 and 20 cm length. The cells were composed of sta|nless steel and tile end 
windows, through which the scatteled p,,rtlcles passed, were each about 0 035 mm 
tluck. The proton beam t]t,x was mon|tored by a second:uy enll',,SlOll dmmbet 
(shown ,is "SI.C" m llg 1 ) placed 2.5 m ahead of tile hydlogell target, lwo tmple- 
coincidence counter telescopes, T 1 and i" 2 . detecting secondary particles emitted 
from tile target at 40 ° at at 140 °, lespectlvely, wine used for relatwe mOflllorHlg ot 
the beam lnteqslty Tile secondary emlssum chamber Jnd tile coulltel telescopes 
were cahbrated absolutely by measuring tile 24 \a  ,,cttvtty produced m thin ahunH1- 
lUre foils placed m tile beam ahead ot tile secomt,,ly enllsslon ch,nnber. An activation 
cross sectmn lk/r the ahnnmmm finis of 8.{~ + 0.5 nlb I721 w,,s assumed, indepen- 
dent ot energy. 

3.2. 77re m a g n e t w  w e c t r o m e t e r  

Tile layout of tile spectlometer is shown m fig. 1 Tile angle of the spectrometer 
with respect to the mmdent proton beam was tlxed at 37 mrad. Parucles produced 
m tile target at 37 mrad were foct,sed by the quadrupole doublet O 1 02 to an 
mlage of the target at [ 1 • "i'he m,,gnet M 2 , composed ot three standard 2 m bending 
nlagnets, produced a deflection of 120 mrad and a momentum dlspers,on at F 1 o[ 
I (~ cm for A p / p  = 1 .(Y/. The quadrt,pole doublet 06 Q7 produced ~, parallel beam 
whlch was fore.seen to allow the use ofa  dltferentml ('erenkov counter A 6 m l o n g  
bending magnet M 3, producing a turther bend of 120 mrad. was used to compen- 
sate tile dispersive, momentum dependent change of ulchnalloi1 ot the tralectolles. 
In older to reduce tile momenttun-dependent displacement of tile tralectones, tile 
central plane ot M-, was mlaged at the central plane ot M~ by means of tile quadlu- 
pole triplet Q3 Q4 Q5 acting as a field lens. 

Thus, the optical transfer properties flora the t,,rget to tile exit ot M 3 and further 
downstream wele fmrly achromatic, which lS d desirable feature for clean part,cle 
identlficatu.m and background rejection. Ill particular, tile tmal focus at I" 2 . ploduced 
by the quadrupole dot,blet Qg Qg, could be kept to a small sl,,e, given only by tile 
chromatic abel ration of the quadrupole lenses, tile su'e ot the source and multiple 
scattering m material along the spectrometer. 

A ray thagram ot tile spectrometer optics Is shown m fig. 2. A horizontal angular 
acceptance ot -+ 1.5 nuad and a veltlcal ac~.eplance ot +-- 4.5 mrad were round to be 
sate m order to guarantee (by calculatum) full transnu%lon throughout the system 
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with a relative monlenlurn Interval of  at least +- 1.5<,; of  the centlal  m o m e n t u m  and 

h)l displacements  In the target plane o f  at least ± 1.5 cm. This acceptance could be 

defined convenient ly  by a cyhndrlcal  co lhmator  of  10.0 cm diameter  placed m the 

nriddle ot Q2" it was vailed by using inserts o f  different  diameters  t rom 1.0 to 

10.0 cm. The most f requent ly  used co lhmator  of  g.O cm diameter  thus dehned  (by 

calculal ion)  a sohd angle acceptance o f  1 30 + 10 5 sterad. The ratios o f  the accep- 

tance tor dif terent  col l imator  sizes were lepeatedly measured by observing the rela- 

twe intensities of  elastically scattered protons  as well as for momen ta  al which the 

tnomen tum dis tr ibut ion o f  scattered protons  was tlat. In view of  the results of  these 

measurements  and ot the shape el bean] profiles at critical places (especially ui the 

region Q7 to Qs )  a -+ 5+/< systematic unccrtau]ty was assigned to the absohite value 
el the sohd angle. 

As ment ioned  above,  the spect rometer  axis was fixed at an angle o[ 37 mrad with 

respect to the lnt, ldent beam d~rectlon. Scat tel lng at angles o ther  than 37 mrad could 

be measured by utlhslng the steering magnets SM 1 , SM 2 and M 1 . The septum mag- 

nets SM 1 and SM 2 were moun ted  on remote ly-cont ro l led  carriages such that their 
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posltums could be varied. M 1 was a 2m ('-nlagnet fixed on the axis ot tile spectro- 
meter. By varying the positions and ~.urrents ot the magnets SM 1 and SM 2 and the 
ct, rrent of the magnet M 1 . scattmlng angles m the range 12 to 152 mrad were se- 
lected. "fins way ot varying the horl,,ontally accepted sc~,tterlng angle as well as per- 
tormlng the momentum analysis ot the spectrometer m tile ,ame plane has the un- 
desnable effect that. wltlnn tile acceptance, the momentuna is coupled to the horl- 
./ontal scattering angle 0 by the relation 

17(0 37.0) = constant , (9) 

where 37 mrad Is the fixed angle of tile spectrometer with respect to the incident 
beam dlrectum The ,mphcatums of ttus etfect on tile procedure used m taking 
data ate discussed m subsect. 3 4. 

The principal dlsperswe elements ut the spectrometer, magnets M 2 and M 3, were 
eqmpped with nt,clear magnetic resonance probes. All dipole magnets contained 
temperatme stablhsed ttall probes winch were used tor the on-hne control of the 
spe~.trometer. An absolute cahbratlon of the spectrometer and steering magnets 
was made, using the floating-wire techn,que, to an accuracy ot Ap/p = + 0.1 ' / .  

The length ot the spectrotnetel tlom the target to the [;'2 focus was 8(~ hr. For 
most of tills distance tile accepted particles were transnutted m a vacuum pipe m 
order to keep abst~rptlon losses and multiple scattering to a llllnnrlulll. 

3.3. Partl¢le detectors and electromc~ 

"lhe charged particles transmitted by tile spectrometer were detected by two 
scintillation counter hodoscopes A and 13 positioned ;it tile loci F 1 and F 2 , zespec- 
tlvely. Hodoscope A divided the momentunl acceptance Into nine channels ot 
-+ 0 I%. For the data at sntall scattering angles thcre was adequate momenttun reso- 
lutum using tills hodoscope alone, llowever, at lalger angles tire ntomentuna tklcus 
at F I bet.ante smeared out due to tile target length Since tile target Is mlaged at 
the locus F 2, each of the f, ve channels m the B hodoscope viewed a different region 
of the target. Using the A hodoscope data In coincidence with each B hodoscope 
channel it was possible to effectively reduce the target length and thus nnprove the 
momentum resolutlon lot thc larger angle data (scc subsect. 4.1 for further details). 

The A hodoscope cons,sted of nine scmtdlatlon counters wtnch provided the 
nine contiguous momentum channels, hnmcdlately downstleant (see llg. 1 ). a larger 
scintillation countm A'(4.0 cm wide b~ 3.0 cm high) accepted the lull nmmentum 
bite of the spectrometer. The B hodoscope was composed of three overlapping scin- 
tillation counters which were used to provide five contiguous channels by means ot 
a statable electromc logic. The counter S I (placed near F 2, with a scintillator size 
ot"4 0 cm wide by 3.0 cm high) and counter S 2 (5 m downstream trom 1:2) accepted 
the full flux of particles transmJttcd by the spectrometer. 

Fig. 3 shows a logic diagram illustrating how tire pulses produced m the photo- 
multlphers were combined to t'~mn tile various logical signals, winch were recorded 
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] Jg 3 .  A h~glL d l a # r a m  o t  tilt., Jd",l e l e t . t ron l t ,  c l r t  ul t r , , ' .  

on .,,t.alm,, All c o m b i n a t i o n s  of  the rune A t channe]s  and the five 13/channels  ,,vine 
tet, o rded  on scaler,, In the  tor tn  o f a  45..eletnent ma t r ix  wi th  e l e m e , ~ t s A ~ B  I . 

The speclronlel .et  al~o con ta ined  foul gas th resho ld  ( ' e r enkov  coun te r s  (C 1 to 

C 4 ) a n d a m u t m d e t e ~ . t o l  (see fig. 1) S m c e f o r e l a s t l c p r o t o n - p t o t o n s c a t t e r m g a n d  

resonance  p r o d u c t u m  tile p lon  and UltlOll conta t l l lnatR)ns  were found  to be negh- 

g~ble, these de t ec to r s  v, ere not  used. In lac t ,  tile ( ' e r e n k o v  coun te r s  were evacuated  

dur ing  these m e a s u r e m e n t s  to reduce  mul t ip le  sca t ter ing  and a b s o r p t m n  losses. The  

{ ' e renkov  co tmte t  system was used m parnc le  p r o d u c t i o n  m e a s u r e m e n t s  170]. 

l )u rmg the da ta - tak ing  o f  t ins expel  re lent ,  raw cross sec tums  d 2 o/d,~2 d p  f rom 

abou t  5 X 10 23 to 5 X 10 32 cm2/s r  ( ; e V / c w e r e  r e c o r d e d , t h a t  ~s,w~th coun t ing  

rates varymg I lom abou t  lO 6 per sec. to 10 -2 pet sec. For  a 10 cm h y d r o g e n  target  

and an .8 cm dJamelet  c o l h m a l o r  sl.,e, a cross sec tum ot 10 25 cm2/ s r  . G e V / c  at 

24 GeV/(  gave a c o u n t i n g  la te  of  abou t  105 events  per sec s u m m e d  over the nine 

A channel, ,  In ordm to meast,  re the closs  sec t ions  at small angles it was necessary 
to use the smaller-sized Loll lmators  to reduce e l e c t t o n | c  losses to be low a few p e r c e n t  
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t lg. 4. I ypK'al momentum spectra x~ hlch illustrate the high resolution and good background 
rejection ol the single-arm spectrometer technique. 

The small aperture, long magnetic path-length, and two focal planes m tile spectro- 
meter provided an instrument with a high resolution in momentum and extremely 
good background rejection. Fig 4 contains some typical spectra which de:nonstrate 
the proton-proton elastic scattering and resonance production peaks over several 
orders of magnitude m count rate. The sharpness of the peaks and low levels of 
background, especmlly at momenta above that for elastic scattering, are clearly seen. 
The spectrum at 50.5 mrad also contains a peak at a momentum higher than that 
for elastic scattering which is due to macroscopic double scattering in tire hydrogen 
target (see subsecl 4.1). 
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.?.4 Data c+,llectt~m 

l)UlUlg the ' ,ettmg-up pha,,e ot tile e ' , .petunent a ~.areful ,,tudy wa,, made ot the 

pellormall,..e ot the specltOllleter All the nlagnctl~, elenlent~ were tuned e x p C r l l l l e n -  

tall~ with elastically ~catte~ed ploton, ,  to obtain the Optlllltilll tralP.,llll~lon ;.It edch 

n lomentunl  value. All ~.tnteut scttlng~ were lound to be within a lew percent  ot the 

~.alculated value'+,. [he ulonlentuln alp, pension at I' 1 wa,, toumt to be I 60 cnl tot 
A p / p  = I.(Y.;, \vll)dl p, v+lthm I'~ ot tile design value. 

the  spe~tuonletet ~,a,,, control led b~, a small on-hne compute r  with g K of  core 
i'~lelllory [Zol a Ol'~,ell I nc iden t  IllOlllellt[ltll ,  pfot t ) l l  ',,L;.ltteflllg dllO]e al ia  ' ,econdary 

nlonlent tun,  tile ~on/pute~ calculated the ~equlred ~Ul refit '.,ettlllg,, lot  all tile ele- 

lllelltg o( tile speuttonlete~ and then set these xalues autonlat lcal ly I he relation 
bet~ e e l  the lllOlllClllillli dl ld  t. tll lent l t)l each dipole and qu, ,dlupole ulagllet was 

expl e,,sed ,p, a pol N nonlml tHtlCtlt)ll [ h e  ~.llltellts In tile qt ,adrupoles and the volt- 

dges t lom the tlall plobe,, m tile bending magtlet% v, ere l l loni toled ctUlllllUOli',ly 

,,,.hllc takulg data. Small dldt, ,  ill the ",,elllllgS v, eie ~olrected automatl,. .ally, for 
[algOl d r i l l s ,  tile i l l tc rvel l l io l i  ol tile e\pe)l tne~gct  v,a,,, t eqUl l ed .  

As Ii l 'JI l t iol/cd , ibove Ill xtib,,ecl -;.2. t h e l e  was  , t  cot lpl i l lg  ol tile IIlOlllelittlII1 dls- 

pelsion ol tile speulvonleter and the ho l l / on t a l  suattel ing angle a,,, glvell b} eq. (9) 

Thus the labotalc~l~, scat tel lng angle 0 vailed c~,.'el tile 9 element,, ot tile A hodo-  

s~ope a~.,.otdmg to tile relation {9). whine tile con'.,tdlll WaS determined by the 0, p 
values at tile clastl,, acattevmg peak. l)urnlg tile nleasurenmnl of  a m o m e n t u m  spec- 

t l l l l l l ,  the l l lOlllel ' [ l t lnl  uha l lgC lit)lit o;le setllllg to the lle',.t was. the~elore,  alway``, 

ct)) related v+ till .l small ~hange m the angular seltltlg so that the twt) outer cotmtep,  

ot tile A hodos~.ol,e t~xctlapped V,,lth the O, p value~ o[ tile ptevum¢, ,,,citing Thus,  

telatum (¢)) en,,med tha l  at the  ove~lappulg uotmte~s tile vah|es ot 0 and p ,,,,,ere the 
",,lille {01 b o t h  ,~ellings 

Each d a t a ] u n  lasted irom I to 30 mm,  defmru.hng on the event rate At tile end 
o] eakh  llill ,  tile ,,,..dlel d a t a ,  t r igger  ra tes  and  beal l /  l l lOnl tor i l lg  l l l lOrlnat iOll  were 

reco]ded on punched cards and papm tape and, m parallel, t l ,msferred into the conl- 

pute ,  l he~ .omfmte rd i sp layed  tile data on a graph plot ter  m the fl>~mofnc, rmahsed 
illOlllellllllll  dl ' , , t t lbi i t iol ls  ,Ill{.] t hus .  over a period ot several ]lOlilg, bu i l t  tlt3 a COlll- 

plete n lomenlunl  '.,petit um COlltallllllg both elastic and inelastic scattering. [)aid 

~akmg turn, with the t,uget emp ty  were per tormed ,it regular Intervals. 

In older  to plot tile data as a IllOlllelltlllll ,,,pectrum 11 was necessary to de le rmlne  
lhe ploduct  A[~. X Ap for each ot tile nine A counters  (where A~. is tile acceptance 

solid angle and ..Xp is tile m o m e n t u m  bite ol each ~.ounter). This was adueved  by 

pel Iolmillg about live ~lo',,el}-spaced (c~verlapplng) lllOlllenltllll scang ovel a reason- 
ably t']at legion ol the ploductlol /spe, . . Irunl  {that is. at mlSSiilg mass values greater 

than 2 ( ,eVI  lhcse data were then fi t ted wil]l a polynomial  functlt~n using a Least- 
squ.ue,,, 111 uomputev fnog~anl Ill o lder  It+ obtain tile relauve quant i ty  A~2 X Ap  lor 

each cotmter  I he a,,etage vahie ot lhe'.,e l i l le  qtlanll t ies was normahsed to tile vahle 
calculated Itu t l l e n u d d l e o f t h e l u n e  Auounte~s lheva lue ' . , ob l amed  nl t t u sway  
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include geometric effects such as unequal scintillator sizes, counter effic~enc~es, etc. 
The values, which were determined experm~entally every few days, were found to 
be reproducible throughout the whole experm~ent and to have a spread of a few 
percent around the calculated values. 

4. Data analysis and results 

4. l .  E x t r a c t t o n  o /  t he  elasttc scat ter ing cro~s sec t tons  

Angular distributions of proton-proton elastic scattermg have been measured at 
10.0, 12.0, 14.2 and 24.0 GeV/c over a range of lab scattering angles fronl 12 to 
152 mrad. Some data have also been taken at 19.2 GeV/c to overlap with earher 
measurements [ 1 ]. Prehmmary values of these elastic data have already been re- 
ported [2]. 

The elastic cross sections were obtained by integrating the area under the elastic 
peak in the momentum spectra. Typical spectra are shown in figs. 5 and 6, which 

~k 
/qT, 238 239, 2':.0r 2'~1 23 Z3, ~, ",33, Z2g., 23r5 ~6  Z]r? ~8 

w 

~ 31 

o, 17 ~ ~ J  [ b) 4 ~ ~ 3  

_F 
t~ 

I 2 3 4 5 6 7 8 9 I 2 3 ~. 5 6 7 8 9 

I 2 3 4 5 6 ? 8 9 

Fig. 5. The momentum spectra trom the A hodscopc drra?, showing the elasnc proton-proton 
scattering peak~ for (a) ~mall and (b) intermediate ~cattcrmg angles. The broken curve~ mditatc 
the e~nmates of the background tinder the elastic ~cattermg peak',. 
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[ l g  6 .  I lit." m o m e n T u i I 1  ~pec t ra  a re  ,.11o'.~ 11 l¢~r t y p l ~ , d  dala at  l h e  l a r g e r  , , c a t i e r l n ~  ang l e ' ,  o l  thl , ,  
e\purllllel3t The ~,p¢~ Ira acro~,~ tile A llod~,cope arr,ly are ~,JlOWll ior Hlo~c e~en t~  111 coIncIdt'IIJ,.C 

x~ l lh  c, ich e l  t i le  I ive c o u n t e r s  oI  the B a r ray ,  f i l e  broken curves  i n d i c a t e  t i le  e%l l lnd|eg e l  the 
b , l c k g r o u n d  u n d e r  l he  e ldS l l t  peaks [Pile d o l l e d  cur~e kllt)~.t,k l i l t '  d e t c r l o r d t l o i l  in t i le  I I l [ ] l l lCn l l l l r l  

i 'e*~olt l l lOll ~.t I le l l  onl% t i le  d, l t , i  In t i le  ,% C o l l n l e r  ,lrr,i% is ti%t,d. 

ale chosen to lllustlale the charactel lStlCS of the backgrotind ct)ndltlOns at the small, 
llllernledlale and large angles of the present measurements. 

t el lhe data at small angles (fig. 5a), elastic scatlellng domulaled and there was a 
neghglble amount of background beneath tile elastic peak m tile momentum spec- 
trum. At intermediate angles (fig. 5b) an estmlate of tile background under the elas- 
tic peak was made by hnear extlapolation of tile spectrum shape from tile data on 
the Iow-monlentum side of the peak. Because tit the tmite talge! length and tile 
steep ,ingulai dependence of the cioss section, piotons which wele scattered t~,,lce 
m lhe ialgel ga~e all appleclable contribution to the lllOlllenlulll speclrum at inter- 
mediate angles as seen ill fig 5b (indicated as "'macloscopic double scattering"). 
I here plolt)ns ha~e a kllOWll [(~8] momei~ium dist)lbutlon extenduig above that of 
singly-scattered protons, and thus could be subtracted )ehably. The acculacy of this 
subtraction was checked by compallng the data taken with 10 and 20 t in target 

lengths. 
To e\tract tile elasllc peak events froln the data ,it large angles, where there was 

a lelatlvely l,uger background contribution and a broadening of monlentum resolu- 
tion due to the target length, a more lefined t,eatment was required whlctl used the 



J. I,. Al laby et al., pp elasttc scattering 337 

Table I 
Proton-proton elastic scattering cross s ecmms  at 1(/.0, 12.0, 14.2 and 24.0 GeV/c incldenl 
IYlOnlCn|d 

Incident  
mo men tum 10.0 GeV/¢ 12.0 GeV/c 

01a b Ill do /d t  Ill do /d t  
(m r,ld) (GeV 2) (c m 2/(;eV 2) (GcV 2) (cill 2/GeV 2) 

27.0 0.104 3.57 F-26 
32.0 (I.146 2,59 1'-26 
37.0 O.135 1.96 F-26 (/.195 1.57 1 -26 
42.0 0.173 1.74 F-26 0.251 9.89 1-27 
47.0 0.217 1.29 F-26 (I.313 5,95 F-27 

52.0 0,264 8.(19 I.-27 (I.382 3.41 I -27 
57.0 0.317 4.60 I"-27 0.458 1.88 F-27 
62.0 0.374 3.34 I,-27 0.540 9.89 ! -28 
67.0 (I.435 1.84 I7-27 (I.628 4.99 I"-28 
72.(I 0.501 1.31 F-27 0.722 2.47 I'-28 

77.(I (I.571 6.71 F-28 0.822 1,20 1-28 
82.(I 0.645 4.13 I-28 0.928 5.95 F-29 
87.0 (I.723 2,32 I.-28 1.04 3.03 I -29  
92.0 (I.8(14 1.40 1.-28 1.16 1.83 [ -29  
97.(3 0.890 8.52 E-29 1.28 1.20 L-29 

102.0 0.980 4.47 1-29 1.40 8.96 ! -30  
107.0 1.07 3.118 ! -29  1.54 8.14 I,-3(I 
112.0 1.17 1.86 1 -29 1.67 7.08 E-30 
117.0 1.27 1.76 I -29 1.81 5.92 E-30 
122.0 1.37 1.32 I,-29 1.96 5.06 E-30 

127.0 1.48 1.09 i -29 2.11 4.05 F-30 
132.0 1.59 9.42 F-30 2.26 3.41 I"-30 
137.(I 1.70 8.33 1'-30 2.42 2.73 F-30 
142.0 1.81 7.18 F-30 2.57 2.17 E-30 
147.0 1.93 6.29 t '-30 2.74 1.68 E-30 

152.0 2.05 5 (17 I.-311 

24 0 GeV/c 

12.0 0.0828 3.05 1 -26 
13.5 0.105 2.62 E-26 
14.5 0.121 2.45 E-26 
15.1 0.131 2.16 E-26 
17.(/ 0.166 1.59 E-26 

19.5 0.218 1.12 E-26 
22.(I 0.277 6.08 E-27 
24.5 0.343 3.78 E-27 
27.0 0.416 1.74 1:-27 
29.5 0.496 1.04 E-27 
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Table 1, continued. 

lncldenl 
14.2 GeV/c 24.('1 (,eVh: 

momenl um 

01a b I tl do/dt  I tl do/dt  
(mrad) ((;eV 2 ) (cm 2/(;eV 2 ) ((,eV z) ( tm 2/GcV 2 ) 

32.0 0.582 4.95 1 -28 
34.5 0.675 2.53 I-28 
37.0 0.273 6.51 1-27 0.775 9.42 F-29 
39.5 0.881 3.86 1,-29 
42.0 0.351 3.27 I;-27 0.994 1.45 1 -29 

44.5 1.1 I 6.37 1-30 
47.0 0.438 1.59 1"-27 1.24 3.37 1 -30 
49.5 1.37 2.47 1,-30 
52.0 0.535 7.22 F-28 1.51 2.16 1 -30 
54.5 1.65 1.96 I -30 

57.0 0.640 2.93 1_.-28 1.80 1.61 F-30 
59.5 1.95 1.29 I -30 
62.0 0.754 1.20 I -28 2.11 9.67 1 -31 
64.5 2.28 7.64 I-31 
67.0 0.876 4.36 I -29 2.45 5.42 1-3 I 

72.O 1.01 1.96 I'-29 2.80 2.79 1,-31 
77.0 1.15 1.06 1 -29 3.18 1.26 I;-31 
82.0 1.29 6.93 t -30 3.57 6.80 ! -32 
87.(I 1.45 6.07 ! -30 3.98 3.11 1 -32 
92.0 1.61 5.02 I -30 4.40 1.49 I -32 

97.0 1.77 4.23 F-30 4.84 7.73 E-33 
1(12.0 1.95 3.39 F-30 5.30 4.72 F-33 
107.(I 2.13 2.45 I -30 5.76 2.61 1"-33 
112.0 2.31 1.91 I -30 6,24 1.61 1>33 
117.0 2.51 1.34 I"-30 6.72 8.49 1_-34 

122.0 2.70 1.00 E-30 
127,0 2,90 6.92 I -3 I 
132.0 3.11 4.89 i -31 
137.0 3.32 3.44 E-31 
142.0 3.54 2.41 I,-31 

The lab angles tor the lorward-~cattered prolons are ',hown together wqth the corresponding 
value oi the four-momentum transfer ~quaredl tl .  The statistical error,, m the data are small 
(typically ~ 1%), however there is an estmlalcd random error m the data points of *- 6~4 at 
24.0 (;eV]c and *- 8'~ at the other momenta due to tile lack of  reproduclblhty at each setting 
There is an overall normah~allon uncertainty tn the data wluch is e,,tlmated to be -+ 10?;- at 
24.0 GeV/c and ± 15~Y, at the other momenta.  
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lnt\mnatnon t rom tile P, hodoscope  counters.  As m e n n o n e d  Ill subse~.t. 3.3. tile B 

counters  effet. twely cut up the target 11110 several snlallev legions and thus an un- 

proved m o m e n t u m  resolullon was obtained.  Tile n lomentunl  spet.tllnn m the A t 

counters  was plot ted  ttn each ot the live B / counters  and the background conttLbu- 

tlon under each elastic scattering peak. w, tnch varied at.loss the hodos~.ope at rays, 

was est imated as uldlcated by the b~oken craves m f,g. 6. l h e  elastic peak t.ross 

se~,tmns were then calculated from tile sum of  the elastic peaks m tile five B cot,n- 

ters The poorer  n loment lnn resolution obtaln,,ble with tile A {.Otllltels alone IS In- 

dicated by the d o n e d  crave m tlg. 6. "fhe lnlotnlahcm provided by the coincidences 

be tween the two arrays of  counters  allowed a molnentunl  resolunon of  +-0.2'/ to 

be maintained at all angles 

Fmpty- target  subt iact lons  vaned trom I to 8'/,. depending t,pon the scattering 

angle. 'File amount  o f  material through winch the p io tons  passed was mnunused by 

employing  vacuum pipes wherever possible m the spet.tronaetcr. Never thcless thc~c 
s t l l l r e m a m c d a b o u t 8 g - c m  2 o f w l n d o w s ,  s c l n t f l l a t o r s a n d r e s l d u a l a n . l e a d m g t o  

a correct ion for proton absorpt ion which was calct, lated t,smg the nuclear inelastic 

and elasnc cross sections of  Bellettlnl et al [73]. Tile correcUon was about  10'/~ at 

all the energies of  the expernnent  Correct ions for dead4nnes  and accidentals were 

m general a few percent ,  however ,  for measurements  at tile smallest angles, Collec- 

tions ot up to 10c/~ were apphed.  Plon con tannna tmn was ncghglble, even tor tile 

data at large angles. Target boiling was calculated to be neghDble during these mea- 
surenletllS. 

The final elasnc cross sectmn values aze given in table 1. The Matl,,tlt, al enors  of  

the measurements  were neghglble compared with the systematic  uncer ta inty .  Alter  

considering the spread m values ot some repleatedly measured points,  ev t o t s  ',ve~e 

assigned to tile data o f  + 6'J~ at 24.0 (,eV/~ and -+ g',, at tile other momenta  I he,e 

errors are beheved to arise trmn tile uncerhmlty  and n reptodut, fl~fllty 111 the mt_ldent 

beam dnrectlon. In addmon ,  at 24.0 G e V ' c  there is an o',eYall scale elrot t~l'- 4 10 ' , .  
mainly tesuhlng flonl the +-7r/~ uncertainty 111 the 24Na activation eros'., ,,ectlon and 

+ 5 ' / t ,  ncer talnty m the sohd angle o f  tile spec t rometc l .  At 10.0, 12 0 and 14.2 (,eV/c 

the scale error is esnmated  to be -+ 159; due to the smallel number  of repeated mea- 

surements  at these energies and to the poorer  beam condlt lol ls  during these tuns. 

4.2. A nalvst~ o.l the  nuc leon  resonam e produ¢ l ion 

Nucleon resonance product ion has been ineasuxed o,,er the range o f  lour-mo- 

mentunl  transfer squared, it I, l rom 0.1 to 6 4 GeV 2 for an lncndent 24.0 ( ,eV/c  

proton beam nlomentunl .  Fig. 7 shows all the n lomentunl  spectxa ~,olle~,ted, whele  

the data have been conver ted Into the dltferentlal  cross section d 2 o / d t  dM.  Prelim> 

nary results have been pubhshed previously 131. Some typical spectra are shown in 

more detail in hg. 8 | ' o r  each spectrum the value of  It I changes by a small amount  

over the explored nnSslng mass range (M < 2.6 (,eV} because tile spectra were mea- 
sured at angles and momen ta  gwen by eq. (9). 
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1 lg. 7. A logarithmic scale plot oI all the missing ma,,s ~pectra taken at 24.0 GeV/c. The lab 
angle (mrad) ol the lor~,ard elastically s~attered proten is given ~l th  each curve. I he elastic 
stattermg peaks are not shov. n m tile figure. 

The  m e a s u r e d  spec t r a  c o n t a i n  t w o  d i s t r ac t  p e a k s  at miss ing  mass  va lues  near  1.52 

and  1:69 G e V .  Fo r  I t I values  less t h a n  a b o u t  1.7 G e V  2 tt~ere Is a w ide  b u m p  p r e s e n t  

a r o u n d  M = 2.2 G e V .  At It I values  less than  0.3 G e V  2 the re  is e v i d e n c e  for  a shou l -  

de r  a r o u n d  M = I .4 G e V  on  the  l ow-mass  s ide o f  t he  peak  at M = 1.52 G e V .  F o f  

l owing  the  usual  m t e r p r e t a t m n ,  as d~scussed m s u b s e c t .  2 .5,  the  t h r e e  p r o m i n e n t  
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Fig. 8. "lyplta[ rtlt)lllellttlrll ~pectra oI h~rw:~rd-scdttercd protons |rolll proton-proton t oliP.l~,)ll,,, 
at 24.0 GeV/c. Tile quant i ty  0 denotes  tile proton ~catterlng angle and t it the totlr-nlolllcnttltn 
IranMer squared value corresponding toela , , t lcscat tcrmg,  l | le fitted cur',es to tilL" mea',ured 
polnt~ are ~,hown together ,,~ ith tile indlVldU.d rcsonante  and background contribution,,.  

bumps are assumed to result from the excitation of the N(1520), N(1688) and 
N(2190) resonances, and the shoulder around M = 1.4 GeV Is considered to corre- 
spond to the excitation of an N(1400) resonance. 

The resonance production cross sections have been extracted from each missing 
mass spectrum by fitting the spectrum with a sum o| resonant terms (having Brelt- 
Wlgner shapes) and a polynomial term representing the corltmuum, ()f tile tonn 

62o.  I Mk+ ~ a , _ {  I" - - ~ /  (10) 

where M z and F z are the mass and width of the tth re,,onance, respectwely, c k is a 
coefhclent and a t represents the dltferentml cro% secuon for resonance producnon,  
i.e. the area of the Brelt-Wlgner curve. A computer program was used to obtain tile 
least-squares solution for the polynomial coefficients, the cross sections and some 
of the masses and wtdths ot the resonances. In the typical spectra, shown m fig. 8, 
the sohd curves are the htted torms ot eq. (10) and the broken culve~ indicate the 
resonance and polynonual contributions. 

The width,, of the two peaks at M--~ 1.52 and M--~ 1.69 GeV were determined 
by fitting some hlgh-statlsttcs spectra at mtermedmte tnonlentunl transter values 
where there was httle N(1400) contribution. The two widths after unfolding the 
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experimental resolution wele 118 ± 20 MeV and 152 + 15 McV, respectwely. These 
two values have been used as fixed parameters m tile tmal tlttutg plocedure. I tn tile 
mass and width ot the N(1400) the values obtanled flora other expelnnents 148. 
50, 51,74]  have beenlaken  1.41 ( ;eVand 150MeV. respectlvely F l lewtd thof  
the N(2190) could not be extlacted flora tile data and was taken as 250 MeV, which 
Is typical ol previous measu~eulents. Varying tile N(2190) width tlOm 200 to 
300 MeV changed tile resonalke cro% sectum by about a iactol ot 2. essentially in- 
dependent ot momentum It ansleI. This  Val latlon has been taken into account Ill 
assigning tile errols to tllese c~oss sections. Another check pelfo~med 'aas to use 
(;ausslans lot tile shape o[ tile resonance peaks, it was found that resonance closs 
secnons about a tactor 2 smaller than for the Brelt-Wlgner forms resulted from such 

tits. 
in tile fitting procedure, tile cross sections, tile coefficients of tile polynomial 

and tile masses ot the three peaks corresponding to tile N(1520), N(1688) and 
N(2190) wine left ,is tree parameters. Tile values of the masses ot the three peaks 
deduced tronl tile best fits to all tile spet.lra were 1500 ± 10 MeV, 1694 ± 8 MeV 
and 2160 -+ 50 MeV, respectively. f i le  cross sect,ms obtained tlom tile best fit 
were found to be insensitive to tile ordm ol tile background polynomial, which was 
vaned between 4 and 6. Polynomials of ruder 4 v, ere finally adopled. 1 lie ~(2 values 
conespondmg to tile best fits were always reasonable 

The values of tile mass and width ot the peaks determined by means ol tile fltt,ng 
procedure are gwen m table 2, together with tile ~esults obtained with incident plo- 
tons of lowm energy I50, 53] and trom reactions initiated by negative plonS 174] 
andelect tons 175] TIle flguresrepolted maconlptlatl(>n 146[ ot phase-slnlt analyses 
are also shown lot comparison. The satlsfat.tory agreement alntmg the dlflerenl de- 
ternnnatlons of masses and widths shown Ill table 2 is the basis of the conventional 
interpretation th,lt tile peaks observed Ill the missing mass spectra ale principally 
due to tile excitation of these palll,,.ulal resonances 

Tile problem of obtanlnlg tile N(1400) cross section,, is lndlt.ated Ill Itg 9. At 
moderate nlolnentunl ttansfel, tot example at It [= 0.37 GeV 2, tile shape ot tile 
missing mass spectluln around M = 1.4 GeV is well-leproduced by tile tall ot the 
Bre|t-Wlgner ftlnctlon which fits tile N(1520) peak. AI smaller monlentum t ransters 
tile shape of tile spectrum is very dflterent and an adequate fit cannot be obtained 
w i t h o u t  l l l t rodt lc l i ig  d resonance w i t h  a Mass ot a b o u t  1 4 G e V .  At large, lllOIllellttllll 

transters, tile shape of tile speclllUn is also different and can be well leplesented by 
including tile N(1400) Ill the tit. Ilowever, it Is al,,o possible, tor I l l >  0.5 GeV 2, to 
produce a reasonable fit without tile N(1400) by allowing tile background to have 
a dlscontlnUOtlS change between moderate and high ]I[ regions It has been assutned 
that such a dlscontmtuty IS unhkely, and tile cross sections and errt,ls tor N(140()) 
ploductlon have been evaluated trom Ills to the mass-spectra even beyond I l l =  
= 0 5 ( ; e V  2. 

In addition to tile resonance', already mentioned, there wa,, also a ',mall enhance- 
nlent close to the tall oI tile elastic peak. Tins was ldentflmd as tile 1 = ~. A(1236) 



Table 2 
The mass M and width 1" m MeV for the N (1520), N (1688) and N (2190) resonances as reported by several groups 

Experiment 

Imtlal Momentum 
Ref. 

state (GeV/c) 

pp 3 -  7 [531 

N(1520) N(1688) 

M F M F 

1508-+ 2 92-+ 3 1683± 3 110-+ 4 

pp 6 - 3 0  150] 1501 -+ 6 140±43  1690± 5 133-+ 26 

pp 24 thlsexpt .  1500± 10 118-+20 1694± 8 152-+ 15 

p 8,16 [741 1503-  + 6 105± 9 1691± 4 119-+ 9 

ep 7-17  [75] 1508-  + 5 80-+ 20 1705-+ 15 8 5 ± 2 5  

phase-shift 
analyses 

[46] 1521 -+ 9 121± 12 1688± 4 125 ± 21 

M 

2160 ! 50 

2180 ± 25 

N(2190) 

1" 

2176 -+ 97 

265 ± 70 ~. 

306 ± 11 
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Fig. 9. 1 ypltal momentum spectra fllu,,trdtm~ lhc dHllcuhy ot c',,tra~_tmg a cro~s section h)r the 
N(1400) rc~on,mtc. 

resonate  wluch Is kilow[l [48, 50, 51 ] to be only weakly exci ted m pp colhslons at 

high energies. The product ion  cross section of  tills resonance could not be extracted 
by tile above fitt ing procedure  due to tile diff icul ty o f  fit t ing tile con t inuum near 
to Its kinematic  hmlt ,  which Is also close to the tatl ol the elastic peak. Thus quah- 

tatwc values for the ct oss .',cctlons were estmlatcd using tile graplucal procedure  Illu- 
strated m fig. I0. 

Fhe final value,, ot the resonance product]on cross sections are given m table 3. 

Tbe+,,e data are affected by an overall scale error o f  -+ 15~,  mainly due to the uncer- 
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r ig .  I o. l 'yplcal  m o m e n t u n l  spectra :it it ' ' ,aluc', < 0.9 ( ;cV 2 ~tlo~ nlg the C',ldcncc for tile 
z~1236)  resonancE. The tall f rom the claque ~c,lt tcrmg peak and the non-ncgh,elblc back,uround 

t .ontrlbtl t lOn Ill tile region ot tile A( I 236)  make  I| ,,]lll'icult t(:. C".tlllldte the cross ' ,cotton lor  
this  resonance  produt_tlOrl. 

tamty m the beam cahbranon, as dtsct,sscd m subsect 4.1. and to the background 
subtraction procedure. 

Values of  the polynotmal background cross sectmns resulting from the fitting 
of  the spectra by eq. (10) are hsted m table 4. The values of do/dt for the non-reso- 
nant background have been calculated at each value of  missing ma% (M t GeV) and 
are normahsed to an eftective width of 1.00 GeV 111 missing mass according to the 
relanon 

(do) = 1.00 (GeV)~' / '+-"  ~4 [ d2_o~ 
ttt M= M, - -A--M- J ~d t dM] d M,  ( l I ) 

M t - { ,.M,I batkgrotuld 
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"I able 3 
Resonance production cross sections m proton-proton colh,,mns at 24.0 GcV/¢ 

O ,la b I tl do/dt  
(m rad) (GeV 2) (cm 2/GeV 21 

,',(1236) 

13.5 

15.1 

17 .0  

19.5 

22.(1 

24.5 

27.(1 

29.5 

32.0 
34.5 
37.0 
39.5 

13.5  

15.1 
17.0 
19.5 
22.0 
24.5 
27.0 
29.5 
32.0 
34.5 a 
37.0 a 
39.5 a 
42.0  a 

44.5  a 

47 .(1 a 

49.5 a 

52.0 a 

13.5 

15.1 

m 

m 

0.099 

0.124 

0.160 

0.211 

(I.270 

0.335 

0.407 

¢1.487 

0.572 
0.666 
0.767 
0.873 

N(14001 

0.094 
0.119 
11.155 
(I.206 
¢/.264 
(I.328 
(I.401 

0.480 
0.565 
0.659 
¢1.760 
0.867 
(I.978 
1.10 
1.22 
1 .36  
1 .49  

- N(1520)-- 

(I.091 

0.116 

+ 1.7 
( I . 7  - 0 .8  ) I'-28 

(1.1 + I.I )F .28  
0.6 

+ 4.4 ) 1-29 
(4.4 - 2.2 

+ 3.3 
(3.3 - 1.7 )1"29 

+ 2.2 
12.2 } F-29 

- I . I  

(2.2 + 2.2 
- 1. I ) I -29 

+ 1.1 1-29 (1.1 0.6 

+1.1 
(1 .I F-29 

-- 0.6 
(8.0 ± 8.0 E-30 
(2.2 ± 2.2 F-30 
(0.0 ± 1.1 t'-3(I 
((I.¢) ± 1.1 1-30 

(1.OR -* 0.221 t -27 
(6.6 ± 1.3 1,-28 
(3.1 ± 0.7 1 -28 
(0,0 ± 2.2 1-29 
(I,2 ± (I.8 1"-29 
(0.0 ± 6.0 1'-30 
((I.0 ± 2.2 1:-30 
(0.0 ± 2.2 12-30 
(9.0 ± 8.0 1-31 
(1.7 ± 0.4 ~I--29 
(1.5 ± 0.4 1-29 
(1.0 ±(I.3 ) i - 2 9  
(8.0 ± 2.0 ) F-30 
(5.0 ± 1.3 ) t - 3 0  
(1.8 ± 0.5 )F-30 
(1.2 ± ( I . 3 ) 1 - 3 0  
(4.4 ± 1.1 11-31 

(8.2 + 1.1 
3.3  ) I ' -28 

(6.4 + 1.1 
3.3 ) 1'-28 
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Table  3, c o n t i n u e d  (1) 

Ohd) 
(mrad) 

17.11 

19.5 
22.0 
24.5 
27.0 

29.5 
32.0 

34.5 
37.0 

39.5 

42.O 
44.5 
47.O 
49.5 
52.(1 

54.5 
57.0 
59.5 
62.{) 
64.5 
67.O 
72.0 
77 .0  

82.0 
87.0 
92.0 

97.0 
IO2.0 

107.0 
112.0 

13.5 
15.1 
17.(I 
19.5 
22 .0  
24.5 
27.(I 
29.5 
32.O 
34.5 
37.0 
39.5 
42.(I 

Itl 
( ( ,cV 2) 

N ( 1 5 2 0 )  t o n t m u c d  

0.151 

0.202 
O.259 
0.323 

0 .396 
0,475 
0.560 
0.654 

0.754 

0.862 

0.973 

1.09 
1.22 
1.35 
1.49 
1.64 
1.79 
1.94 
2,10 

2.27 
2.44 
2.80 

3.19 
3.60 
4.01 
4.45 
4.9O 
5.37 
5.86 

6.~5 

N ( 1 6 8 8 )  

0.(187 

0.111 
0.145 
0 .196  
0.252 
0.317 
(I.388 
0.467 
0.552 
0.646 
O.747 

0.853 
(I.965 

do/dt  
( cm2/ ( ; eV 2 ) 

+1.1 
(7.0 _ 2.8 )1-28 

(4.4 ± I . I  ) I - 2 8  
(2.89 ± 0.44) I -28 
(1 .89 ± (I.33) [ - 2 8  
(1.07 ± 0.16) -28 
(7.4 ± 1.1 -29 
(4.4 ± 0.7 -29 

(3.6 -+ (I.6 -29 
(2,44 - ().44 -29 

( I . 55  ± (I.22 -29 
( 1 . 0 3 ,  O.16 -29 
(6.8 -, 1.0 F-3(1 
(3.3 ± 0.6 1-30 
(2.11 = I).~3 t - 3 0  
( 1 . 3 3 -  0.22 1-30 
(8.9 -+ I.~ 1"-31 
(4.7 ± 0.7 1-31 
( 2 . 8 9 ±  0.44 1-31 
(2.11 ± (133 F-31 
( 1 . 3 3 ± 0 . 2 2  1-31 
(8,9 *_ 1.3 1-32 
(5.4 -+ 0.9 I -32 
(2.89 ± 0.44 I -32 
( I . 7 8 ±  0.33 1-32 
(7.4 ± 1.4 ) I - 3 3  

(2.9 ± 0.6 ) I"-33 
(1.44 ± O.33) 1 -33 
(7.4 ± 1.4 ) 1 - 3 4  

15.7 ± 1.7 ) 1 - 3 4  
(2.1 ± 0.7 )E -~4  

( 1 . 4 8 '  0 .17 1-27 

( I .21  ±(1.1 )1.-27 
(1.21 ± 0 . 1 1  1"-27 
(9.3 ~ 0.9 I. .28 
(7.0 ± (1.7 I -28 
(4.77 ± (I.44 1-28 
(3.09 ± (I.33 t ' -28 
(2.11 -, 0 .22 1-28 
( I . 1 9 ±  0.11 E-28 
(8.6 ± (1.9 I ' -29 
(4.91 ± 0.44 1"-29 
(3.33 ± (I.33 1 -29 
(1.74 ± 0.18 1-29 
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l a b l e  "~, c o n t m u t : d  (2).  

01 ab I t I 
( m r a d )  ( ( ;eV 2 ) 

N ( 1 6 8 8 )  t o n t m u c d  

44 .5  I .(19 

47.O 1.21 

49 .5  1.35 

5 2 . 0  1.48 

54 .5  1.63 

5 7 . 0  1 3 8  

59 .5  1.94 

62.0 2.10 
64.5 2.27 
67.13 2.44 
72.0 2.81) 
77.0 3 .19  

82.O 3.61 

87 .0  4 . 0 3  

9 2 . o  4 .47  

9 7 . 0  4 .92  

1(12 0 5.4O 
107.11 5 .89  

I 12.O 6 . 3 9  

N 1 2 1 9 0 )  

15.1 0 .O97 

I 7.0 O. 13O 

19.5 I).178 
22.0 O.232 
24.5 O.295 
27.0 0.365 
29.5 O.443 
32.O O.527 
34.S  0 . 6 2 1  

37.O 0 .721  

39 5 0 . 8 2 9  

42.0 0.941 
44.5 I .O6 
47.O 1.19 
49.5 1.33 
52.O 1.46 

do/dt 
(c m ' / ( ; e V "  ) 

( I . 1 4  ± 0 . 1 1 )  F -29  

(5.8 z 11.6 ) 1"-30 

13.81 _" 0 . 3 3 )  I -30 

(2 .32  *- 0 . 2 2 )  l -311 

( I . 4 7  ± 0 . 1 1 ) 1 - 3 ( I  
11.1/4 t O.lO) 1 -30 

(7.8 - 0.8 )1-~1 
(5 .9  _+ 0.6 ) I - 3 1  

13.44 -- 0 . 3 3 )  1 -31 

{2.55 t 0 2 2 ) 1 - 3 1  

( I . 2 8  * O . I I 1 1 - 3 1  

(5 .8  4_ 0 .6  ) I -32 
(2 .8  ± 11.6 ) 1 - 3 2  

(1 .22  ± O.22)  1 -32 

15.2 *- 1.1 ) 1 - 3 3  
13.1 *_ 0 6  ) 1 - 3 3  

11.22 -* 11.22) I -33 

11.22 -* O.33)  1 -33 
14.1 ± 1.1 ) F - 3 4  

111)4 ± 0 .291  t -28 

11.112 t 0 . 3 2 1 1  -28 

18.3 ± 2.8 ) 1 - 2 9  

(7 .5  -, 2.2 ) 1 - 2 9  

(7 .2  + 2.1 I , -29 

(6 .3  *- 1.8 1 - 2 9  
(5.5 t 1.8 1 - 2 9  

~4.0 " 1.2 1 '-29 

(2 .6  ~ 0 .8  1 '-29 

( I .9  -+ 0 .6  1 - 2 9  
(1 .28  : (/ .44 I--29 

(7.4 -* 2.3 I - 3 0  

(4 .8  4 2.2 1 - 3 0  

(2 .8  ± 1.3 1-311 

(1 .5  ± 0.7  1"-30 

(5 .6  ~ 2.8 I '-31 

r h e  lab angleq t¢,r tile t¢,rV~ard-~cattcred p r o t o n s  arc  silo,,,, n t o g e t h e r  w u h  the  value  ot the  t o u r -  
IIIOll]'.:lltUlll t ranMer  %qudredl f l  l o t  e a c h  rcMIDdtlke.  I11 a d d i t i o n  1o 1tl,2 r a n d o m  e r ro r s  q u o t e d  

m the  tab le ,  the re  it an  o ' .eral l  n o r n l a h s a l l o n  u n c e r t a m t  x v . h l t h  l', e s l u n a t e d  to be  . 15 '4 ,  excep t  

(or the  N 1 2 1 9 0 )  x,.here the  e r r o r  p, * 3(Yf d u e  to the  u m  e r l a m t ' .  In lilt: ~ l d l h .  

a) lqw,,e d a t a  ha~,c an a d d i t i o n a l  u n c e r t a i n t y  d u e  to the  l)O',~lble amblgul t ) ,  m tile t i t l i ng  p roce -  
d u r e  (see subsec t .  4 . 2 )  
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Table 4 
N o l l - i ' e s o n d n k ( ,  b , i ,  k g r o u n d  p r o d m ,  tlt,)ll t 1o~,~, ~,e(_ t l tHl  ~, in  p r o / o n - p r o l o r l  t.oJ11"sloWs d 7 24.(1 ( , e V .  

M~ssmg 
1.5 231 2.~ mass I( ,eV) 

I 

Olab I tl d a / d t  j r, dtJ/dt I t I d o /dr  
mrad GeV  2 ( t l l l ' / ( ; e V - )  ( i c Y  2 (~111 / ( , c V ' 1  ( , eV  2 (i111",(eV*) 

I ~.5 0.092 6.33 I -27  0.079 7.22 1 -27 
15.1 0.117 4 .861 -27  0.102 5.87 1-27 0(189 ~. I0  1 -27 
17.10 0.152 3.20 1-27 0.135 5.08 1 -27 o.I 2o 6.83 1 -27 
19.5 (1.203 2.62 1-27 0.184 3.93 I -27 0.165 5.28 1 -27 
22.1) 0.26o 1.34 1-27 o.2 ~;9 2.67 I -27 0.218 3.68 1 -27 

24.5 0.324 1.04 1 -27 0.3O2 1.96 I -27 0 279 2.79 1 -27 
27.0 0.396 7.21 1-28 0.~;7~ 1 .231-27 0.348 1.81 1-27 
29.5 0.476 5.81 1-28 7).452 8.74 1 -28 O.426 1.37 I -27 
32.1,1 0.561 4.39 I -28 o.~36 5.81 I -28 0.509 9.34 I -28 
34.5 0.655 2.68 1 -28 o.630 4 (19 I -28 IL6~2 6.64 t -28 

37.0 1,,I.756 1.71 I -28 o.7~0 2.56 1 -28 o.703 4.57 1 -28 
39 5 0.862 1.40 I -28 0.838 2.13 1 -28 I).81(I 3.63 t -28 
42.O 0.973 7.68 I -29 0.950 1.31 1 -28 O.923 2.29 1 -28 
44.5 1.09 5.78 1"-29 1.07 1.02 I -28 I.(15 1.82 I -28 
47.0 1.22 3.05 I -29 1.19 6.57 I -29 1.17 1.24 I -28 

49.5 1.35 2.37 I -29 1.33 5.(10 I -29 1.31 9.23 I -29 
52.0 1.49 1.15 I -29 1.47 3.01 I -29 1.4 ~, 6.51) I -29 
54.5 1.64 9.04 I"-3(I 1.62 2.37 1 -29 1.61 4.66 I -29  
57.0 1.79 4.69 1 -30 1.7~ I 44 1 -29 1.76 2.80 1 -29 
59.5 1.94 3.24 1 -30 1.93 I.(11 1 -29 1.93 2.14 1 -29 

62.0 2.10 1.70 1 -30 2.10 6 53 1 -~o 2.09 1.51,) I -29 
64.5 2.27 1.46 1 -30 2.27 4.85 I -30 2.27 1.12 1 -29 
67.0 2.44 9.14 1 -31 2.44 3.12 1 -30 2.45 6.~0 1 -31) 
72.0 2.80 5.31 F-31 2.81 1.62 1 -30 2.83 3.20 1 -3O 
77.0 3.18 3.08 I -31 3.20 8.36 1 -31 3.24 1.76 1 -30 

82.O 3.61,) ] .78 I -31 3.63 4.66 1 -31 3.68 1.100 I -3O 
87.0 4.111 9.89 1 -32 4.06 2.56 I -31 4.12 6.00 1 -31 
92.0 4.45 6.08 I -32 4.51 1.47 I -3] 4.60 3.37 1 -31 
97.0 4.90 4.43 1 -'~2 4.98 0.91 1 -32 %O8 2.1)0 1 -31 

102.0 5.37 2.23 1 -~2 5.46 5 46 I -~2 5.61 1.23 1 -31 

107.0 5.85 1.15 F-32 5.97 2.89 I -32 6.14 5.68 t -32 
112.0 6.35 8.06 I -33 6.4X 1.86 1 -32 6.69 3.2(I I -32 
I .  

The values el d o / d / h a v e  been obtdltled 1)} Integration over a mlS,~lng mass interval el 1.0 ( ,eV 
usln~ eqs (10) and ( I I ), as explained In the lexl.  l 'he lab angle correspond,,  to the clastl, all', 
scattered p ro tons  h)r each spectra.  There ~x an e~ttm,Hed normah~atlon uncertalnt} In the data 
el : 2( I ( ' .  

w h e r e  A M  is a sma][  i n t e rva l  o f  m i s s i n g  m a % .  ] ' l o i n  c o w ,  l d e l a t l o n ' ,  o f  t h e  l l t tTng 

p r o c e d u r e  a n d  t h e  s m o o t h n e s s  ot  t h e  b a c k g r o u n d  at d i f f e r e n t  a n g l e s ,  an  e s l t m a t e d  

u n c e r t a i n t y  o f -+  20:/, ts as , , lgned to  t h e s e  d a t a  m t h e  t ab l e .  
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5. Discussion of results 

5.1. t, lasttc pro/on-proton ,sctlltcrmg 

5.1.1, 77re ,wmcture III the angular dtstrtbutton 
The cross sections for elastic proton-proton scattering gwen m table 1 arc shown 

m tlg. 11 together with other pttbhshed data [1, 18, 20, 53, 76]. The shoulder-hke 
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| lg I I.  A n g u l a r  dl , , t rLbtt t lons Ior  p r o t < m - p r o t o n  elastic s t . a t te r lng .  [ 'he d a t a  at the  san~e int . ldent  
n l o n l e n l u m  h,ave been  I~)med b3, a Mll()olh curve .  Fhe s~ m b o l  a t  the  e n d  ()1 t]lC curves  co r re -  

sp~mdH~' t(~ the  lov.-energ, ,  d a t a  lndlt_.de~ 9 0  ° t .m. .  l"he curve label led  ( ,4( t )  shov, s the  v a r l a h o n  
ot the  to t t r lh  po,.,,er ~)t the d ipo l e  t o r m  ot tile e l ec t ro l ' nagne t l c  to rn l  hwt(~r ot  the  p r o t o n .  The  

d a t a  m t l u d e d  m thl,, hg, ure have  been  t a k e n  f r o m  rots [1,18, 20 ,  5 3 , 7 6 1  and  f lus c \ p c r m ~ c n t .  
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1 lg 12. A n g u l a r  d ~ q r d ) u t l o n s  lo r  p r o t o n - p r o t o n  c l a q K  sca t t e r i ng  over  ,~ range  ot  h ) u r - m o n l e n -  
turn  t r ans fe r  larger  t han  tha t  s h o w n  m fig. 11. The  d a t a  at the  same  m~lden t  m o m e n t a  have 

been  j o i n e d  b y  a s m o o t h  curve .  Tile loci ol c ross  sec t ions  to t  f i , ,ed t_.m. s t . a t te r lng  ang les  are  

i n d i c a t e d  1or 6 0 " ,  8 0  ° and  9 0  ° . l 'he d a t a  ~re t aken  h o r n  rcls .  l I,  18, 2(), 53 ,  76,  78 ]  a n d  t lus 
e x p e r i m e n t .  

structure which was observed at 19.2 GeV/c  at a I t [ o f  1.2 - 1.5 ( ;eV 2 is present 

m the new data, from I0.0 to 24.0 GeV/c.  Tile structure Is not seen m the result~ 

o f  Clyde 176] at 5 and 7 GeV/c ,  nor 111 those ot Brabson el al. [77] up to 5.5 GeV/c, 

hence it evidently becomes  more pronounced  with increase of  energy,  first devel- 

oping between about  7 and 10 GeV/c .  

Another  presentat ion o f  the data is gwen in fig. 12, which covers a I t I range 

lalger than that o f  fig. 11 m order to accommoda te  cross sections measured up to 

c.m. scattering angles of  90 °. In addi t ion hg. 12 md]cates the loci of  cross secuons 

for fixed c.m. scattering angles. By this means the assocmtlon, dist, t, ssed m subsect. 

2.3, ot the 90 ° "b r eak"  m the cross section at around 8 GeV/c  with the develop- 

ment  of  the structure at It I,--, 1.2 GeV 2 IS clearly demonst ra ted .  

The structure m pp elashc scattering is quahta twely  different  from that extublted 

at lower incident momen ta  In rC-p, K -p and ~p elastic scattering tor It I <  2 GeV 2. 
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I lg. 13. A ~.omparlson ol angular dlstrlbuuons ol pp and pp ela,,tlc st:attermg. The anuproton 
data ,are lrom rcl. [801 and the proton data from rel,,. [1 g ,20 ,53 .76 ]  and tlu~ experiment.  

These latter structures, winch tend to decrease with energy have been discussed in 
various ways and a strong connection has been made [791 w~th the operat|on of 
d ,ec t  channel resonances which are absent na the pp system. Fig. 13. shows a com- 
parison of the structure m the pp and m the pp [801 angular distributions and ex- 
lublts the dflfcrence in energy dependence, l:tom considerations witlun the frame- 
work of the Pomeranchuk theorems, it nught be expected that tlus ddtcrencc will 
decrease wHh mcreasmg energy until tile angular dmtnbuuons are the sanre under 
asymptotic cond|tlons. 

]]~ere is interest m the comparison of the form of the pp angular d~str~butlon 
with that of the angular dependence of pp polansatlon Po(t) Measurements [811 
with pola~lzed targets have been made up to 17.5 GeV/c incident momentum over 
a range of It l up to 2.5 GeV 2, so that a hnuted amount of data of reasonable precl- 
Mon is available for comparBon, t'lg. 14 shows comparisons of do/dr and Po(t~ 
around 6 GeV/c and at 10 GeV/c. At both these momenta the polarisauon dlstnbu- 



J. V. Allabv et al., pp elastic ~cattermg 353 

10 ~'7i 
L (1971) 55Ge~ ' 

10-2e~ 

o 

.~ 10 .29 ,,, e~ .qqp~  _ ' 

iO-301 

2S • ALLABY ET AL (1968) 
10- ! ~  AND THIS EXPT 100 C.eV/c 1 

/ 

10_27t 

10-~01 

1031 

030 BORGHINI ET AL (1970) 60G~/c  ~ 030~ ~ l N I  ET AL (1971) 10 0 GeV/c 

020, TI 
. % , :  . ~°olo 

~ , 

°2° I l : I 

i ,ql J 
010l- • 

O' e 
. . . .  i _ _  

• i • • 
; i i 

-OLO, -01o[ 
I 1 I 

0 ~ 2 ~ 4 0 I ~ ~ ~. 
FOUR-MOMENllJM TRANSFER SQLI.~ED, Ill (GeV 2) 

Fig. 14. A compar i son  be twecn  p r o t o n - p r o t o n  ela~tlt sca t te r ing  (rels. 120,771 and this experi-  
m e n t )  and polar l , ,a t lon (ret 181 I) data  near  6 and 10 GeV/c. 

t]on is quahtatwely the same, exhb] tmg a dip or zero at I t I --~ I GeV 2 and a peak 
at It I ~  1.5 GeV 2. It seems, however, that the structure m Po(t) is a httle more 
pronounced at 10 GeV/c than at the lowm nlomentum, although the energy depen- 
dence of  the polansatlon structure Is considerably less than that m the angular d]s- 
trtbution m this region, tqg 14 shows that it may be concluded that the parts of 
the pp scattering amphtude (essentially "spin-orbit" contributions) wh,ch give llse 
to the polansatlon exhibit momentum transfer dependent properties which are 
smoothed out m the angular distribution by other parts of  the amplitude. The situ- 
auon is thus rather different from that found, tor example, m rr±p scattering m 
which the "dip-bump" stlucture in both Po(t) and in do/dr develop together. The 
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r e l a t l o n s l u p  o f  the  " d z p - b u m p "  s t r u c t u r e  m 7r-'p a n g u l a r  d i s t r i b u t i o n s  a n d  pola t  lsa- 

t l o n s  IS wel l  k n o w n  a n d  ts wel l  e x p l a i n e d  b y  d u a h t y  c o n s z d e r a t | o n s  [791 t h r o u g h  

d t rec t  c h a n n e l  r e s o n a n c e s .  S u c h  d y n a n u c s  p lay  n o  par t  ut t he  pp  s y s t e m  h o w e v e r .  

It h a s  b e e n  s u g g e s t e d  129,821 t h a t  t he  pp  d f f t e t e n t m l  c ro s s  s e c t i o n  s h o u l d  ap-  

p r o a c h  a s y m p t o h c a l l y  to  G 4 ( t ) ,  t h e  f o u r t h  p o w e r  o f  t h e  e l e c t r o m a g n e t z c  t\~rm 
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} lg. 15. A detailed ¢omparl~.on betx~.ccn measured dlftercntta] eros', ',c~.tl¢~n', and (;'4(t) l hc  
quant i ty  X 1', the ratio ot the dltlcrcntlal cros,, ,.ettlon. dtT/dt, to the Lalt_ulatcd cq'~t|t'al theorem 
',aluc m the forward dlrectton. The t~gure ,,how~ X divided by (,a(t) a~ a luncuon  ot Itl. The 
line,, dra'.~, n arc merely to hnk l]le point,, ¢-orrc',pondm~g to a fi',.ed Incident m¢~mentum, vvhlt, h 
ts indicated at the end ot cat.h hnc. l'hc ,,ymbol at the end ¢~t the curves corre,,pondmg to the 
Io,.~,-cncrgy data md+catc', 9{1 c.m. The dat.~ included m ttu~ figure arc from rcl,, II ,  12, 18, 
20, 53, 76, 83] and thl~ c',,pcrmlcnt. 
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factor of the proton. Tins functmn, normahsed to the opucal theorem value at 
20 GeV/c, ts shown with the pp data m fig. 11. For smaphclty, the dipole torm for 
G(t) has been used 

G(t) = (1 + 111/0.71) -2 . (12) 

since the small deviations of the t\mn tactor data from the dipole torm make no 
essential dffrerence for tins compallson. In fact, as seen m fig. 1 1 the pp angt, lar 
dlstrlbutmns lall beh)w (;4(t) by about a factor ~ 10 m lhe region where the struc- 
ture develops, and r]se above (;4(t) at larger momentum transfers Nevertheless. the 
var,auon of G4(t) as exp,essed by eq. ( 1 2) does quahtatwely follow the pp angular 
distributions over nine orders of magmtude. "I hus. independent ot any theoreucal 
ideas, a comparison ot the pp cross sectmns to the form of G4(/) IS a convement 
way of approximately removing the strong/-dependence of the angular distributions. 

INCIDENT BEAM MOMENTUM (GeV/c) 

10 2~ I I ?  3 5 7 10 15 20 31 5 

I 
Ill GeV ? 

---'- . . . . .  ~ -  ---.-, 03 

10'i 
.Q<..__.. 

. -,% ._t  . . . .  0 8 

g ,o I 12 
~ 1 0  , ,~.... ,- 20 

X*x ~-"- 30 
I (1967) .~ 10 PALEVSKY ETAL 

CLYDE ('f366) 
I e . ° 

' ANKENBRANDT ET AL (1968) 
10 ~2 ~ ALLABY ETAL (~6,190B) - 4 3 

FOLEY ET AL (1963 1965) ~ "  
- HARTING EIAL (1965) xq~ --~. 

10 ql- " OREARETAL (1966) \ \ . \  
I COCCONIETAL (1965) .~ ~ ~"60 
I " AtLABY ET AL (1968 THIS EXPT) " ~  " 7B 

J' I- MOST POINTS ARE INTERPOLATED ~ . ~  
,o / F -  S:SM, . (90 ° ..i) 

I ~ "" I00 

"t 10 

I \ '~ 150 

35 6 I0 20 3O 60 IO0 

CENTRE OF MASS ENERGY SQUARED. (GeV ~ ) 

I r Ig. 16. The  e n e r g y  d e p e n d e n c e  ol proton-pr(~t~m elastu_ ~ca t t c rmg  ,at h x c d  value~ ot  l o u r - m o -  

men t t ,  m t r ' m ~ l e r  ¢,cluared t l h e d a t a  m t l u ~ h g u r e a r e t r o m  rel~ [ 1 , 1 2 , 1 g , 2 ( 1 , 5 3 . 7 6 , 7 8 , 8 4 ]  
a n d  this  e x p e r i m e n t .  
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In tlg. 15. a compd,,tlOn of  pp s ta t ic)rag data [ 1, 12. 18, 20, 53, 7 6 . 8 3  [ 1 ~, shown 

m the loire  ot X/(;4(t). whine X is file lain) ot the meastued pp d]tterentlal  cross 

seL.Ilon do~dr Io lhe ~.alculaled optical theorem v~,h,e m lhe to ,ward dnec t lon  The 

development  ot tile s l ruct tne with m~.ldent m o m e n t u m  ~_an mole  easily be seen. file 

mo,,l l~ZOlnment l ca tme  ts the sharp dip at I, I = 1.2 GeV 2 which develops at mo-  

men ta  above 7 ( ;eV/c.  At It I value,, above ~ 3 GeV 2 thele is a f lal lerimg of  the 

qth l l l l l ly  X/(]4{t) stal l ing dl 10 GeV/ t  and becoming mote  pronot ,nced with ln- 

ctea,,lng incident m o m e | l t m n .  Tins I'eattne ol the angular d~strlbulmn ~t, ggesls tile 

development  ol a second structure,  slowly being revealed as tile energy increases 
The enmgy dependence  ol lhe pp elastic ,<altering closs sectmns at t lxed It[ 

values ix shown m fig 16. fhe  energy dependem.e m tile dfl ' lractlon regmn is not 

vel) st xong. (~  In v). howevm it lapldly develops,  being approxmla te ly  s 10 at I l 

: IS ( ,eV 2 . II such a behavtoul persists at much lugher energies, the lange o f  m o -  

m e n l a  ll ,lllblel o',.el w h i c h  ~.lOS,, secllOIis i11ay be measured will be q u i t e  r e s t r i c t ed  

On the mhel  hand. 11 the closs set.lion at lalge s and t remains greatm then ( ; 4 ( 1 ) ,  

as suggested h.~ v ,mm,smode l s ,  then the curves d ,awn m rig 1 6 m | g h t  be expected 

It) t'l,lllell dt momen tun l  tlanst'ers larger than so tar explored.  

5.1.2. Comparison o! results" with l'arlott.', models 

In this section,  pp el,,slt,_ scattering angu]al dis tr ibut ions ale compared  with the 

rest,Its ol some ol the theoret ical  models ou thned  m subaect. 2 4. The t .ompanson 

is meant to be lllt, st~altve latheK lhan exhaustive.  

! iS. 17a shows dala at 5, 12 and 24 GeV/c  logether  with results ot an opHcal 

model  calculal lon,  by l)l, rand and 1 q)es [301. using an mlpacl p,tranlelel replesenta- 

t l o n l o !  t l l e p m e l y  m m g m a r y s c a t l e r m g a m p h t u d e ( c u r v e  I) T h e m a l t e !  dls tnbu-  

tloU wag assumed to be tile same as lhe ch,uge d i s t r i b u t i o n  determined by the elec- 

t ro:q~,gnettclozm factor As~emarked msubsec t .  2.4.3 t t l e l e su l tmgangu la l  dlstn- 

b u | l o n  IS supposed Io be dsVl l lp lo l lc  A Inodl f lCal lo l l  D.) this, by the 111chlSlOll ot a 

small r ea lp ,u l  m t l l e a m p h t t l d e ,  p, also shown (curve l l)  The ca lcu la t edd l s t r | bu t lons  

exhdnt  d f f t ' r a c m m / m o s  m mmmla  in the vtcuuty o f  the structure m tile expmunen-  

lal ~esults. a possible second strt,~.ttue, developing with enelgy,  is also seen m the 

data ot fig 15 
I lg. 1 7b gives lhe results of  am)lhel  type ot optical model  by Cheng et al. 1301, 

l if ted to data at 5. 10 and 19.2 GeV/c .  In tlns model  an ,mpact parameter  fommla-  
t lOll WaS emplo5 ed to descltbe dfl I i action ';,cat t e rms  from a grey.  abso) brag regmn 

ot ladlus dbOl.lt 0.7 0.8 fin together  with pertphelal or resonant scattering from 

the surtace o f  the abso lbmg sphere. I'he componen t s  o f  the scattering amphtude  

were varied w]lh energy to fit lhe angular d | s t r lbut lon ,  lhe pola, lsat)on,  the total 

cross section and the phase ot the torwald scat te lmg amphtude .  This model  leads 

It) a d l f f iac t ion- type  structure winch develops with energy as the leal part ot tile 

, ,mphtude.  winch e l | e c l w e l y  [ills up the dips at low energms, decreases. For  the 

overall fit m tins model .  13 adlustable parameters  are required at each energy.  
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In fig. 17c the results  o f  tile hybr id  model  o f  Chtu and F m k e l s t e m  1361 ale com- 

pared wi th  tile data  at 5. 12 and 24 GeV/c .  This model  takes seriously the  asymp-  

tot ic  d l s t r l b u t m n  o f  Durand  and LIpes [30] or Chou  and  Yang [30] and ident i t ies  

,t, dynanuca l l y ,  as genera ted  by  a fixed P o m e r a n c h u k  pole  and cuts .  In a d d m o n  an 

energy d e p e n d e n c e  is m t r o d u c e d ,  for n o n - a s y m p t o t i c  ene,gles ,  by  means  ol tile nor-  

inal,  moving,  pole  con t r l b t , t l ons  of  the exchange-degenera te  co and ./0 t ra jec tor ies  

and thei r  cuts .  While not par t icular ly  successful ,  apart  f rom m d i c a n o n s  ot tile strl,c- 

ture .  tilts model  at least provides  a means  o f  relat ing the  present  e x p e r i m e n t s  to a 

possible hmt t lng  d l s t n b u t u m ,  It tt exists.  

The Regge-pole model  o f  F rau t sch l  and Margohs [37] is based uptm a moving  

P o m e r a n c h u k  pole (sh)pe ~- 0 .82 GeV 2) and  its l t m a t u m s  or cuts ,  the fo rmahsn l  

used being that  o( the Glauber  expans ion  leading to multqf le  exchange  terms.  Fhe  

results ot the ca lcu la t |on  are gwen m fig. 17d toge ther  wi th  data  at 5. 10 and 24 

GeV/c .  Tile model  indica tes  a shift o f  the d l i l r ac t i on  m l n n n a  to lower m o m e n t u m  

t ransfer  as the  energy is mcKeased and a s teady fall tn cross sect ion at fixed It I due 
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to the characterist ic enmgy-dependence  ot a moving pole. In a d d m o n  a slowly ~,smg 

pp total cross sectton ,s predicted 

I lg. 17e shows a fit o f  the model  ot ( h e c o  [3g] to data at 7. 10 and 19 GeV/c .  

1,1 tins approach tile Pomeranchuk pole and its cuts are considered as dual 1791 to 

non-resonat ing background m the sca t tmmg ,mlphtude.  A Vene / l ano  [39] formula 

is used to describe the pole and cut terms m the scattering amphtude .  As can be 

seen m fig. 17e. tire fit to the data ,s good and the energy dependence ,  as shown by 

the p ,edlc ted  d,str ,but,o, ,  at 5g ( ;eV/c .  Is lather st]ong. Tire slope ot tile I)omm - 

anchuk pole ,s found to be 03.)0 GeV- 1 and the total cross set.tion is pred,cted to 

det.lease asymptot ica l ly  to about  30 rob. 

F,nally. l,g 171 sht)w~ the te,,uhs of  the t.alculatmn ot Abalbanel  et al 1401 
with data al q. I 2 and 24 (,eV/( Ihe  cah.ulatlon,  ba,,ed on tile donun,mce ot 

a new ctn~enl-currenl rote,act,t in (wet a dd t rac twe  Regge pole-hke lad. wa., pe~- 

tormed so as to obey Ull l ta t l ty  ,,11d requned to approach w i t h i n  a COll¢.tanl fac- 
tor the tourth powel of  the e lec t tomagnet ,c  folm tactor A smooth  dependent.e 

on m o m e n t u m  t ,anster  results (ctuve l) A b a r b a n e l e t a l .  [401have  remarked that 

the optical model  calculat ion o f  l )utand and Llpes 1301 did not sat,sty umta t l ty .  

Consequent ly  Abarbanel  et al. have t a m e d  flu ough the Durand and L,pes model  
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I 

1 0 ' -  ~ . ~ et 5GeVk: : , \  
- 12 GeVlc 

" \ ~  ~ ~ " ~  ~.~Gevk: 

10 c 1 J ~  t __1 J-_ 1 __1 L__ 1 
0 2 4 6 8 ~0 

lfl GeV2 

] I g .  ] 71. A u o m p a r l s o n  o l  e \ p e r l m e n t a l  d a t a  

ss l t h  t h e  r e s u l t s  o f  c a l c u l a t i o n s  o l  A b a r b a n e l  

c t  a l ,  1401,  C u r v e  1 s h m x s  t h e i r  t u r r e n t - t u r -  

r e n t  m o d e l  r e s u l t s ,  w h i l e  c u r v e  I1 ~s a U n l t d r -  

~sed versmn ol the Durand and LJpes [3(11 
n l o d e l .  

leqt, n t n g t l n s c o n d m o n  " lheresul t  p , , ,hownln  llg 17t (curve l l ) w h l c h ,  o n c o m p a r -  

ISC, n with ttg 17a. indicates a strong datnpmg ol the d l l t l ac t lon  structure 
All o f  the models  discussed above apart from the specml one o f  Abarbanel et ,,I 

[40], share the c o m m o n  feature that they may be formally interpreted (see a review 

of  Jackson [21 ]) m terms of  a mult iple scattering mechamsm m wluch one a t tempts  

to understand the angular d l s t nbunon  structure as dt,c to transttlons be tween  dfft'm- 

ent ordms of  scattering {1 e. from single to double ,  etc.)  by analogy with the scat- 

termg of  composi te  systems. In this mterpre ta t ton  such structure would be expected 

to be a c o m m o n  proper ty  of  all hadron-hadron scattering processes. 

5.2. Ine las tw  p r o t o n - p r o t o n  scal terulg  

The present expernnent  at 24.0 GeV/c  exhibits  several characterist ic features of  
the process p + p ~ p + X, where X IS a xlucleon resonance or a cont lnuuin  state. 

fhe  dlfferentml product ion  cross sections o f  the resonances are given m table 3 and 

thmr angular d ls t r lb tmons  are summarized m fig. 18. The various points  exhibi ted 

m fig. 18 are now d~scussed and compared with the sltuatton at o ther  energies. 
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Fig.  19. l ) l l l e ren t l , l l  Lross set . l ion io r  tile p r o d u c t i o n  ot  the  A ( 1 2 3 6 )  r e s o n a n c e  in p r o t o n - p r o t o n  

m t e r a c t m n s .  The  p resen t  d a t a  :it 24 .0  ( ; e V / c  are p l o t t e d  t o g e t h e r  V, lth d a t a  l r o m  l o ~ e r  energ ies ,  

ret ' , .  [50 ,  5 3 ] .  
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5.2.1. General features o f  resonance exctlatton and comparzs'on wtth data at ()liter 

energws 
At small It I, around 0.1 GeV 2 , tile N(1400),  N(1520) and N(1688) are excited 

rather strongly and with comparable cross sections. The A(1236)and  N(2190) are 
also observed m this regum of  It I but are produced less strongly (~  tto) than the 
other three states. The momentum transfer dlstr]butt()ns do/dt  tor the A and N reso- 
nances are gwen m figs. 19 - 2 3 .  

It ]s customary to fit the angular dependence of nucleon resonance productton 
at small to moderate four-momentum transfers by the formula 

d--°-: (~if-) e x p ( B i l l ) .  
d t  t=0 

(]3) 

p*p ~ p-N(1400) 
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I lg. 20.  l ) f f t e r e n n a l  c ross  sec t ion  to r  tile p r o d u c t i o n  ol the N ( 1 4 0 0 )  re , ,onance  in p r o t o n - p r o t o n  
co lhsum~.  In (a) the d a t a  ot th is  e x p e r i m e n t  at  24 .0  G e V / c  are  c o m p a r e d  w i th  o t h e r  pubh , , hcd  

resul ts  (ref ' , .  [ 4 8 , 5 0 1 ) .  In (b)  the  d a t a  f r o m  t[u~ e x p e r t m e n t  up  to It[ = 1.5 G e V  2 are  s h o w n .  

Tile b r o k e n  hnes  o n  the  d a t a  p o i n t s  at ~tl > 0.5 GeW 2 r ep resen t  the  , l dd l tmna l  u n c e r t a i n t y  m the  

cross  s e c n o n s  d u e  to  tile pos, , lblc a m b l g m t y  in the  f i t t ing  p r o c e d u r e  (see sub~ect .  4 . 2 ) .  
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p~.p ~ p+N(1520) 
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] ]i~. 21. The dlllercnthd ~.ro~,s sc~.tsun tor tile productson ol the N(1520)  m proton-proton ~.of 
INons  at 24.0 ( . c V / (  Is ~.olnpared wsth the a'~allablc pubhshed d,Ha lr¢l~,. [50, 53, 54]).  

Ti le  to ta l  c r o s s  s e c h o n s  o a l e  o b t a i n e d  by  m t e g l a t m g  eq .  ( 1 3 )  a n d  m u l t i p l y i n g  b y  a 

f a c t o r  2 to  t ake  a c c o u n t  o f  b o t h  t a rge t  and  p ro j ec t i l e  ex~. l ta t lon~.  I l ence  

o = B \ d r / t _  0 " 
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P * p  ~ p*N(1688)  
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r ] g .  2 2 .  I ' hc  c r o s s  ",.ecth)n h ) r  lilt. ' p r ( ' ~ d u c l l o n  e l  t i l e  N(1688) re , , .ondnce  In p r o t o n - p r o t o n  ~ o l h -  

~ l o n s  a t  24.{)  ( ; e V / (  IS ' ,hey.  n w i t h  o t h e r  p u h l l q l c d  d a t a  ( r e l s .  [5() ,  5 3 , 5 4 1 ) .  

The measured distr lbutu)ns have been ht ted using eq. (13), and the values found 
for the slope parameter  B, the cros,, sectu)n ( d o / d t ) t = o  and the range ot It I used m 
the fit :ire given m table 5 for each resonance. The lsospln ~ states exhibit  a certain 
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l tg. 23. l'he cro,,~ sea.lion fur the prodt,ctlon ol the N(2190) resonance In proton-proton mtcr- 
actmns at 24.0 (.;eV/~ ~s C<mlpared ~.llh the data ~)I rdclsteln el al. [50f 

systemat]c order  m the steepness ot thmr angular distr ibut ion m that,  on the average. 

tile heavier masses appea, to have ,mailer slopes. 

The angulal d ls t r lbutum palamelers  of  eq. (13) and tile total cross ~ectlonS are 

g|ven m tlg. 24 for the -%(1236) and In hg. 25 for the N resonances. These hgules  

exlnbtt the well-known ene,gy dependence  ot isospm exchanging processes f<n tile 

A( 1236), and the enmgy independence  ol tile N states charactm |sing ddf rac t lon  

dlsgOCla t  I o n .  

Tile kuge uncertaint ies  associated with tile N(1400)  and A ( 1 2 3 6 ) d a t a  are caused 
by tile dd t lcu l tms  of  extract ing these cross sectums from the spectra. On tile ,.me 

hand the N(1400)  Is very ch/se to the N(1520)  aud has a ve,y sleep ,mgt,l:,r d iq l lbu -  

t lon.  ,,nd on the o ther  the A(1236)  appears be tween the elastic and N(1400)  peaks 

and has a small cross sect |on due to tile suppressmn 155. 561 at high enerDes o f  

scattering mechamsms i l lVO[vlng l s o s p l n  exchange.  

The large errors m the A(123(~) cross secuon as measured m the present experi-  

ment  render ally Lomment  uncertain,  however  figs. I t) and 24 show the general tea- 

l ines.  The angular dis tr ibut ions ale quahta t tvely  smular to those of  the o ther  reso- 

nances, wlule (do/d  l)t=(} and henLe the total cross seLtlon decreases strongly with 
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I able 5 
Fhe slope parameter B, intercept (do/dr)t= o and total t.ro~ ~et.Tlon o values derwed from tire 
resonante produt.tlon results at 24.0 (;eV/c and using eq,,. (13) and (14) 

Resonance I tl range Slope B (do/dt)t= o o 
(GeV 2) ((icY 2) (Olb/(;cV 2) (rob) 

0.099-- 
A(1236) 6.4 ) 0.8 0,18 =* 0.05 0.057"= 0.017 

O.666 

0.094 -- 
N(1400) 24.2 '4"2.5 11.6 -+4.2 (I.96 -+(I.35 

(I.264 

0.091 - 
N(15201 4.84 ± 0.24 0,91 -+ 0.19 0.37 -+ 0.07 

0.973 

0.087- 
N(16881 5.12 -+ (1.08 2.35 -+ o.36 ().92 ,) 0.14 

O.965 

0.097 - 
N(21901 3.('11 + 0.17 (1.16 + 0.05 (1.1(18 ± (1.033 

0.941 

Tile quoted errors Intlude tile etlecl ot the + 155', systemallC error In the tro,.s section measure- 
ment~, except lor tire N (2190) where the s~, stem,mr error I,, -+ 305;. 

energy.  These facts are cons i s ten t  wi th  what  is k n o w n  a b o u t  A ( 1 2 3 6 )  p r o d u c t u m  

m b u b b l e  c h a m b e r  exper tment , ,  [85] * 

The cross sect ions  for the p r o d u c t i o n  of  the N ( 1 4 0 0 )  are shown m fig. 20. Re- 

suits  o b t a m e d  by app ly ing  the present  f t t tmg p rocedure  to the p u b h s h e d  spectra  o f  

Bel le t t tm et al. [48] are shown in the  figure and  are also hs ted m table  6. The pre- 

sent  data at 24 .0  G e V / c  are m good agreement  wi th  the  prevtous  m e a s u r e m e n l s  m 

rep roduc ing  the  fast d rop  of  the dff lerent ta l  cross sec t ton  as It I ls increased.  In fig. 

20 the  results  for It I >  0.5 GeV 2 are p lo t t ed  wt th  the  error  bals  resul t ing f rom the  

f i t t ing p rocedure .  The b roken  hnes  indicate  the  add t t tona l  unce r t a in ty  m the  cross 

sect tons  due to the posstble amblgu t ty  m the  f t t tmg p rocedure  at large It I. Thts  

region of  m o n l e n t u n l  t ransfer  was not  covered in previous  exper ln len t s .  Due to the 

dif f icul ty  m ex t rac t ing  the  N ( 1 4 0 0 )  cross sect tons ,  expecmlly for It I >  0.5 GeV 2, 

these results  can only  be regarded as a suggestmn of  a second d f l f r ac t ton-hke  max>  

munl  which may be developing.  

The It I- dependences  o f  the N ( 1520 )  and the N(1688 )  are very smulat  ovm tile 

whole  range s tudied (figs. 21 and  22).  Above It I= 2 GeV 2 the dlstr lbt ,  t tons  are also 

very slmtlar to tha t  for elastic scat ter ing.  Thts feature  suggests a c o m n m n  mechan i sm 

for elasttc sca t t e rmg  and N ( 1 5 2 0 )  and N ( 1 6 8 8 )  p m d u c t m n  at large m o m e n t u m  

transfers .  The  elastm sca t te r ing  s t ruc t a r e  at It l~,  1.5 GeV 2, dw~dmg the steep for- 

ward p e a k ( B ~  1 0 G e V  2) t~om the  large m o m e n t u m  t rans ter  sca t te rmg,  l s n o t  

* The present data are also In agreement wJth tile recent and more accurate remit', at 17 GeV/'c 
on the reaction p + p -~ ~(1236) + n, reported by G. (,rayer et al ,it the Batavia ('onlcrence 
in September 1972. 



3 6 6  J+ F, Allaby et aL, pp elastic scattering 

2 

, .o  

e~ 

, .o  

m. 

0 

.= 

2 
0 

0 

z 

+d 

o 

o . ~  +d 

0 

g ~  

< -q< .qO00~++  

I 
! 
i 

++ 
++.+ 

~ @1 +1 +l +l +1 

~ m  

°i}I " + + '  

0 "+ 

~ z + '  
+~ +", ~ 

@l +t +I +I +I ~'+ 

+ ++ 

m +1 

~ H 

~a 

~'~ 

2 



J. V. A l lahr  et al., pp  elastic scatterutg 3 6 7  

10 ' 

o 

10' 

~ tO ¢ u 

10 1 

p+p ~ p*A (1236) 

o 

5 10 (GeV ~ ) 50 . . . .  160 

m 

20' 

10- 

i 

t 
0 

tO~ f 

U - 

= 

10  ~ 

,w 

C~ C 

i 

10 Po (GeVlc) 20 
i i , i 

BLAIR ET AL (1969) 
= (1972) EDELSTEIN ETAL 

• " ~  • THIS EXPERIMENT 

5 10 (GeV e ) 50 

l ' lg.  24.  The  to ta l  cro',,, ~,cctton (~ for  A( I 2 36) p r o d u c t l t m  as a l u n c n o n  ot  Inc iden t  m o m e n t u m .  

Tile d a t a  l r o m  this  e x p e r m l e n t  at  24 .0  ( ;eV/~ arc  ~hown ,.~,~th o t h e r  p u b h ~ h e d  result , ,  15(), 51 ]. 

l 'he s lope p a r a m e t e r  B ,rod i n t e r c e p t  (doJdt) t= o are d e t m e d  m eq .  (I 3).  

found m the resonance distributions, which exhibit very smooth It Idependences. 
With respect to energy dependence it ts seen that the angular distributions have 
only a weak >dependence at small It I, and a very strong one at large momentum 
transler. From fig. 25, tt ~s seen that the forward cross secttons, and consequently 
the total cross sectmns, are essenttally energy independent. 

The data at 24.0 GeV/c on the productmn of the N(2190) up to It I ~  1.5 GeV 2 
are shown m fig. 23 together with the results of Edelstem el al. [50] at 20 0 and 
29.7 GeV/c. As the two angular dlstrlbutmns are, wtthm the errors, the same, it 
should be expected that the 24.0 GeV/¢ data should have at least the same slope. 
Fig. 23 shows that this is not so, thereby tndtcatmg some systematic dttlerence be- 
tween the two experiments tn thetr extractmn of the N(2190) cross sectmn. 

At 24.0 GeV/c tt may be observed that the N(1520), \ ( 1 6 8 8 ) ,  N(2190) and 
elasttc cross sectmns are all comparable around It I ~  1.5 GeV 2. 
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Fig. 25a. The momentum dependence ot the tory. ard production cros~ ,,ectlon,, (do/dt)t= o, de- 
I fined m cq. (13), of the l,,ospm ~ resonances. The data arc from rcf,,. [41~, 50, 51 I and the 

present experiment. 

5.2.2, Comparison ~d N(1688) producnon wtth elasnt scattering 
The N(1688)  produc t ion  cross section was determined with less ambigmty  than 

the o ther  resonances because of  tire p rominence  o |  the peak m tire nlea~ured spectra. 

ha fig. 26 the ratio o f  N(1688)  produc t ion  to elastic pp scattering is compared  with 

the same ratio for corresponding reactions m| t la ted  by 16 GeV/c  negatwe p |ons  
[86, 87], and by high-energy electrons [751. In the regkm 0 ~< It l~< 0.5 GeV 2 the 

ratios for rr p and pp are essentmlly the same [86] m support  of  the idea of  fac ton-  
zat lon ot the Pomeranchuk singularity [88], that Is, the produc t ion  closs scctlons 

satisfy the relation 

rrp ~ 7rN(1688)_  pp ~ pN(1688)  
rrp r_:, 7rp pp _+ p~ - (15) 

l o r  It I values be tween 0.5 and 1.5 GeV 2 the ratio for the proton- in i t ia ted  reaction~ 

is larger, showing a peak whtch reflects the structure m the elastic cross sechon.  

Beyond It I= 2 GeV 2 the ratios for the pp and ep data are Slm|lar, as con lectured by 
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l'lg. 25b. The m()mentum dependence of the slope parameter B, defined m eq. (13), lor the 
I production of the isospm ~- resonances. The data are trorn the present experiment at 24.0 GeV/c 

and trom rcfs. 148, 50, 51 I. 

Wu and Yang 129]. In addition, as has already been noticed by Anderson et al. [86], 
fig. 26 shows that the rr p and ep rattos are smular over their whole common range 
of momentum transfer. 

5. 2. 3. Comparison o f  resonance and background m o m e n t u m  transfer dtstrtbutton 
Fig. 27 shows the elastic, the N(1520) and N(1688) angular distributions to- 

gether with continuum cross sections for missing masses of 1.5,2.0 and 2.5 GeV. 
The continuum cross sections were calculated from the polynomial expression m 
eq. (10) and normahsed to a missing mass interval of 1.0 GeV accordmg to eq. (11). 
In ad&tlon an estimate was made of the contribution in the non-resonant background 
continuum due to protons produced vta the decay of excited projectde protons. The 
results of a Monte-Carlo calculat]on, which made use of the measured angular distri- 
butions for the N(1520), N(1688)and N(2190) resonances, are shown m fig. 28. 
The calculated contribution of the decay protons m the non-resonant background 
In tile region of the N(1688), for example, vaned from 0.8 to 3.0% as It I varied from 
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J Ig ,  251.  T h e  |Oldl  cr~.l~,% s e c t i o n  ~; o hlr the  prod(l~.tlOll oJ the  l',,ospln / r e s o l l d n t t ' s  dS ,I f l i n t | i o n  

(~I lntldenl momentum. The ddta IIOlTI the present experiment at 24.0 (,eV/c are qlo~.n V~lth 
the (~lher publlqled results [48, 50.51 I. 

0.1 to 3.0 GeV 2. It was therefore concluded that projectde exmtat lon could Dve 
only a small con t r ibu t ion  to tim c o n t i n u u m spectrum 1,1 compar,son to target break- 
up. As a general ptnnt  J70, 8q], and consistent with that made for tile lsospln ½ reso- 
nances in st, bsect. 5.2 1, fig. 27 shows that the angular dls t r lbut ,ons  become flatter 
as the produced mass increases. This is a well-known and slgmflcant effect [75 ,90]  
m elect ron-proton inelastic scattering. 

The energy dependence of  the background at large I t I ,s very smular to the energy 
dependence of the 1 -  1 - -~ resonances, and thus also slmdar to that for elastic scat ter ing 
This may be contrasted with the rest, Its of  prevmus measurements  [50], at small It I. 
which rod,care thai the non-resonant  cont r ibu t ions  to the m,ssmg mass spectra |lave 
a dependence of s 1. The present data are compattble with such a trend.  Varmus 
theoretical studms [91 J revolving the t r lple-Pomeranchuk vertex mdmate that the 
energy dependence  nnphes that the tnp le -pomeron  couphng is small. 

Another  method of  comparison ot resonance and background cross sectmns, tor 
specff, cally the N(1688) .  ]s shown m fig. 29 where the ratm of tile N(1688)  produc- 
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t le 26.  l h e  ra t io  ol  N ( 1 6 8 8 )  p r o d u t u o n  Io elast ic  s ca t t e r ing  is s h o w n  as a l u n c t l o n  ol the 

h m r - m o m c n t u m  t r a n s l c r  s q u a r e d , t t l ,  l o t  24 ( ; e V / c  p p  c o l h s m n s  (f ins  e x p e r i m e n t ) ,  16 (',eV/¢ 
n -p  colh~mn, ,  [ 86 ]  and  Ingh e n e r g y  ep  c o l h s m n s  [75 ]. 

t l o n  t o  t h e  n o n - r e s o , 1 1 a n t  p r o d u c t i o n  ClO~S ~CCtlo,n In the s a n l e  i l l a s s  r a n g e  is g lve ,n  as  a 

function of It I. As It I increases, t i l l s  ratio has an mlt,1al tbst rise and then a fall-off 
w] thasupenmposeds t ruc tu rem thereglon I ~ [ t I<~2GeV 2 It lsnot cleartrom 
the tlgure whether the rano is levelhmg off to a fimte value at large It I, or proceeding 
towards zero. It has been speculated [92] that a large nm,1,11entum transfers the rela- 
tive mlportance of the process m wtuch the nucleon breaks up into many fragments 
increases with respect to the occurrence of quas~-two-body processes. This ~dea is 
m quahtanve agreement with fig 29. 

5.2.4. A phenomenologwal  descrtptton o / n u c l e o n  resonance product ion  

Tile various models (subsect. 2.5.3) used untd now to describe nucleon resonance 
productum give nenher a good description ol the shapes of the angular d is tnbunons  
nor of the total cross sect,ms Hence a summary ot the results of some of the calcu- 
latums, ,in the style of that given (subsect. 5.1.2) for elast,1c scattenng, w,111 not be 
presented here. Instead, a dlscussum by Elltzur {62] on the relationship between 
tl,1e ~sospm ½ resonance product,ion and elastic scattering will be summar,1zed. 

The basis is essent,1ally an opncal model in which the cross sect,ion ts related to 
the product of the form tactors of the matter d,1stnbutums of the colhdmg pamcles. 
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I ~g. 27. ll~c product,on cross scct~on lor non-resonant batkground Ontegrated over a nnssmg 
mas', interval ot 1.0 GcV) m proton-proton colhsmns at 24.0 (;eV/c 1', compared ~ lth the elan- 
t i c  , t n d  r e~ , , , ) t l d l l t . e  p r o d u c t i o n  c r o s s  s e c t i o n s .  

Tile suggestton of Wu and Yang [29] is then used to identify the form of  the mat ter  
d is t r lbut ,on wtth tile electromagnetic form factor. It Is then conjectured on the 
grounds ot an analysis ot Bloom and ( ;dinah [93] that the electromagnetic form 
factors of  all tile resonances are gwcn by one funct ton,  namely the electromagnetic 
elastic form factor, when wrtt ten m terms of  the varmble It I/M*2(where M* is the 
resonance mass). These ideas lead mmledlately to the relatlonslnp 

dOpN(t) 

dt 
F dOel(t) dOcl(t*) ] ' 

- const L d t  dt (16)  

whine t* = t (M/M*)2.  Fu r t h emmre .  assunung that tile forward scattering peak is 
exponentml  m terms of  It I. tile slope parameter  B for lsospm 1 = ~ resonance pro- 
duct lon [eq. (13)] Is related to that tor elastic scattering, b, [eq. (2)] by 

n =~t ,  II + (M/M*)  2] . (18) 
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Fig. 28. The results ot a btonte-( 'arlo cal tulat lon ol the contr tbutum ill tile ram-resonance back- 
ground cont inuum due to protons produced in the de lay  ol excited prolectlle protons.  The 
present mcasurement~ ol the N(1520).  Nt 1688) and N(2190) an'eular dis tr ibut ions have been 

used in the caltulatlon~. 

Thus the tk~rward angular distributions for the nuclcon resonance ploduct lon are 
expected to be much flatter than that for elastm scattering, the slope parameter dif- 
fering by about a |actor ~< 2, quahtatwcly m agreement wtth the data. 

Fig. 30 shows the results of evaluatmg eq. (16) at 24 GeV/c using the 24 GeV/c 
elastm scattering data as input with arbHrary normahsat]on factors for the excita- 
tions of  the N(1520),  N(1688) and N(2190). The shapes of  the N(1520) and 
N(1688) distributions are qmte well reproduced but that for the N(2190) less well. 
The dependence predicted tor tins resonance IS steeper than that observed at 
24 GeV/c although, as mdmated m subsect. 5.2.1, the data of  kdelstem et al. 150] 
at 20.0 and 29.7 GeV/c would be more m accord wHh the predicted trend. 

The N(1400) does not fit at all into the scheme described by eq. (16) as the slope 
parameter B for tlus resonance is more than a factor 2 b~gger than that for elastm 
scattering. Apart from ~ts rather constant total cro% sect]on the least masswe of  the 
isospln ½ states has always appeared to possess different eXClhttlon characteristic',  

from the other N resonances and thus remains particularly worthy of further study. 
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To conc lude ,  it appears  tha t ,  in spite ol the de tmled sho r t comings  o f  this p h e n o m -  

enological  descr ip t ion ,  the  re la tums  (16)  and (17)  are useful m cor re la t ing  elastic 

and melast lc  pp  data .  

6. Conclusions 

6, 1. Elastw ,scatterhtg 

(Q The  main  new results  o f  the  present  expe rmlen t  conce rn  the d e v e l o p m e n t  

o f  s t r u c t u r e m t h e p p a n g u l a r d l s t r n b u l t o n  Toge the r  wl th  data  at m c n d e n t t n o m e n t a  

up to 7 GeV/c ,  lhe  rest.It,; show that  a shou lder  m do~dr at a It I of 1.2 1.5 ( ;eV 2 

develops  ra ther  suddenly  be tween  7 and 10 GeV/c  It Is man i fes t ed  also In the to rm 

of  a sharp break  [19] m the  energy d e p e n d e n c e  ol the  90  ° cro% sect ion and Ln the 

angular  d l s t rxb tmon 118] near to 90 ° at the lnmdent  m o m e n t u m  ot"8 5 G e V / c  Be- 

tween 10 G e V / c  anad 30 ( ; eV/c  the s t ructune changes  h t t l e  m form,  a l t hough  there 

ns a shght mcleasc  m Its p r o m i n e n c e ,  as may  bc judged f rom fig,, 11 and 15".  Over 

the l l lonlentull]  range available It seems clear tha t  the  shoulder  remains  at a t lxed 

fou r -monaen tum transfer .  In a d d l t u m ,  tlg. 15 indicates  the possibi l i ty  ot the  devel- 

o p m e n t  ot a second s t ruc tu re  al tnxed It I----_ 5 GcV 2 . a l though  the evidence  is ra ther  

inconclus ive  

(n)  A compar i son  o f  po laHsa tum data  wi th  the angular  d i s t r ibu t ion  at the same 

energy shows that  the " d i p - b u m p "  s t ruc tu re  m Po(t)  develops  at lower energies 

than the  shoulder  m the  angular  dns l r ibu tmn (fig. 14) There  Is no t ,  t h m e t o r e ,  an 

overall  o n e - t o , m e  re la t ionship  be tween  the P0 s t ruc tu i e  and th,lt m d o / d / , i s  the ie  

is m, lor  example ,  rr+p scat ter ing.  In add i t ion  the energy d e p e n d e n c e  o f  the  pp 

s t ruc tu re  ID do~dr differs  comple t e ly  f rom that  lo t  rr±p m lhat  it develops  wi th  

energy,  s tar t ing a round  8 ( ; eV/c ,  while  the p h e n o m e n o n  m the rr±p sys tem at 

It l ~  1 GeV 2 decl ines wi th  energy ,,,o tar  as ,t is measured  up to ~ 20 G e V / c  The 

c o m p a r l s o n o f t h e p p a n d p p a n g u l a r d n s t r i b u t l o n s s h o w n m l l g  13 may  be viewed 

in a similar nlall l ler 

(m)  A n o t h e r  aspect  ot the nuc leon-nuc leon  angular  d i s t r ibu t ion  s t ruc tu re  Is its 

Isospm independence .  Measuremen t s  168] of  el,isttc p r o t o n - n e u t r o n  scatter,r ig at 

24 0 G e V / c  tip to I t I ~  6 GeV 2 show that  the pn angular  d i s t r i bu t ion  fol lows the  

pp very closely,  and hence  the sca t ter ing  appears  to be i n d e p e n d e n t  o f  lsospin. This  

* The strut, ture In l i l t :  elaslnt proton-proton angular dlslnbutlons summarlsed nn subsect. 4.1 has 
been observed In ,t ( 1 RN ISR e\perlmen! at equwalent conventional accelerator momenta up 
to 1500 GcVfl:. 1 hc~e preliminary data, reported ,it the Batavia Conterente In Scptexnber 1972 
by the Aachen-('! RN-Genoa-tlarvard-Turtn (;roup, sllow that the structure at [tl ~ I 2 1.5 
(JeW 2 betomes more pronounted as compared with the results ot the present experiment. In 
addition, tile energy dependence at fixed Itl appear,, to slo,,~, down. These lat, ts are t.ompatlble 
~. nth the suggestion ol the appearance ol an asymptotl(, distribution ,is given by the papers ot 
rot 1301 
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is, ol course. ~.onslsten/ ~ uh the vmy small c~oss se~.tlon 1941 ol pn ti l lage-exchange 
s~.atlmmg at lugh energy m the It I range whine the ploces~ ha.~ been nlea~ured. 

(ix) l h e  overall enmg.~ dependence ,  at Iv<ed It [. m tile legion of the q luc tme  Is 
lalhel  ~,tlong up to ~0 GeV,'c. a,, may bc ~,een m tlg 16 I toni the ple',enl data iI is 
unpo~fl~le to pledl~.! ~helhe~ a ]mfilulg thMiibullon nl the s l luc tme  legion will be 
leached at mm.h lughel enelgms. l ln , ,  wot,ld neces~,ttate lhe rapu_l f lat tening with 
enclgy ol the steepl.,, desk.ending Cl.liVC ++, sht)~[/ 11] Iig 16. A general leat tue ot hlgh- 
ene~,,,, st+alletlng appeals to be that clos,, sections at l l \ ed  s ale ft,rther l rom an 
as,,nlptotlc behaxumt the laKge~ the nlotlletltunl l tansler  

(v) The basic idea ol Wu and Yang 129 I, concermng collisions at latge momen-  
ItUll Iransle~s and energle'+, lhal lhc pp elastic scatte~ulg dlIteteiltla[ cro'.,s section 
approaches the dependence of ( :4(I)  is riot contradtt.ted by tile data lol I I [ ~  5 GeV 2 
at tile highest cnc lg lesshown ul l lgs I1 and 15 Ol'~.omse. th l s l a the r  tentative sup- 
poll  ol the ~'u-Yang suggestion may be only [o t tmtous ,  partlculall,,  considering the 
compata t l~ ,e ly lowenelg le  + , m v o l v e d ( ~ 5 0 ( , e v  2) It l,,cleal t ha t expe rmlen t s  
sltld~ liig lugh tllonlel/lt.llll t lanslel  ~,catlellng at illuch greater ene,gles are needed to 
les! these ideas ilgtnou,,ly In the legion of moderate  m om en tun l  transfer 
(Itl~ I ( ,eV2) the stlOllg devlal lons from a t';4(. ,) behavumr are expected on the 
basis ot the opt ,e l l  models (sub,,ect 5.1.2) which also enlploy tile electromagnetic 
torm facto! It) detc~nune the shape ot the nuclear mal le i  d l s l t lbu tum 

As demonstEated m subsect 5 I 2 tile expmnnenta[  teatt,res outh, led above are 
not qt ,ant l la twely exphuned by any single model or theoretical approach. It is only 
m the genmal Ol quahtal lve teature thal the models have some measure of  success. 
One ot lhe most mteles tmg of  ,ill ol these models Is thal the s t ructme Is tile first 
]11111 of all asytnplol lc  tn h tml |ng dlMllbUtlOll outside tile 11lain diffract ion peak. 
Tile dym, tntcal mcchamsm generating the scattering in this region has been described 
b,,. lhe p o n l e m n  pole and el,Is, by exphcn tnultlple scattering inodels revolving 
qt,atks ot partons,  and by the ol~elatlon ot a ptnnt-hke lnte~actlon anah~gous to 
elet.t~onlagnetlsnl lhe  plesen! data offer no po%lbfllly Io (llstlngulsh between these 
allernallves even ll" file basl~+ p~enuse, namely thal tile structure i~ a lmrltlng tealure,  
is correct 

Anofllel df l f lcuhy ~s tile eumgy dependence  l\)t It I >~ I GeV 2. This, m tile above 
te~ins, is genelally considered to be made up from st longly energy~tependent  con- 
tllbUtlOn',,, pa| t tculat ly  otdulary Regge pole and t.uts IIowever, tile quant i ta t ive  
fomlu la tum Is vmy unsalIstaclory and even tile quahtal lve feature that tile structure 
becomes apparent at a rather well-det reed energy,  around 8 GeV. is unexpla ,ned 
aparl l rom the ~bservat km {see ~el,, I18 ,231)  that baryon  pan product ion  comes 
m l o p l a y m t h t s c n e r g y t e g l o n  It may be ~.oncluded that t h e b a s l c l d e a t h a t  tile 
structure is asymptol lc  ~an otlly be studmd by pp exper iments  ,,t lugher energies or 
by searches tm bllUt, tl.llC WlllCh develops with energy 1ii tile other hadrotnc systetns 
File dtscovelv ol sm.h ellect.', m. for example,  rrp scattering would provide consider- 
able suppotl  Io~ thc idea ol a ~.ommon hadromc scat tmmg mechantsnr at very Ingh 
enelgles 
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6.2 l ,  elastw scattering 

"File expermlental  facts obtained t lore tile present expernnent  at 24.0 GeV/c sup- 
poJl the known body el mto tmat lon  oul lmed m ,,t,b',eut 2 5 l'he new leamle' ,  
emergulg ~peclflcally concern l,u ge I our-l l lomenl m n t  r,m,,t el,,,, beyolld the 1o~ u,,a~ tt 
peak, at It I values >~ 1 GeV 2 

(l) Tile snnllarlty oF the elastic, tile \ ( 1 5 2 0 )  and the N(1688)  dl~tlfl~utlons lot 
I t l ~  2 GeV 2 strongly supports tile Idea of  a t.-OlnIllOII IlIechaI ' l lSllt ,  IOl example 
multiple scattering, tk)K the scattering plocest  

(u) While the elatllt, tc;.lttelulg dp.,lllbUtlon ex.hlblts one rathel ,aell-defmed s t l l ,c  
ture around I l l =  1.5 (,eV 2, the N(1520)  and N(1688)  cross tectlom, ,tie lalhel 
snlooth.  While thele may be t .omlnon dynamical  mech,m~tnas 1o~ both elastic ,lltd 
Inelastic amphtudes  m this legion, lhe llIoIe comphcaled ",pill structure ot the nu- 
cleon resonance amphtudes  may cause a lflllng-Iii el tile structure,  a proposal winch 
it commonly  invoked m the ela.,,llc scattering with ~espect to various scala, modcl 
predlc tmns 

(hi) The p loduc t lon  el the N(1400)  hat been exploJed, Iol tile Ill,st Inne up Io 
I I 1 ~  1.5 OeV 2 Tile suggettlon o f a  ,dlttutttle Ill tile angular dl,,,trlbutloll el llg 20b 
should be viewed Wllh c,tlltl<:,ll, consldelmg the dllllcl,ltleS tn,,olved m extla,.tlng 
the N(1400)  cross sections, as discussed m the text. 

(w) The mass dependence of  the angular dt,,,trlbutlons, elthel nucleon ~esonances 
or COllllnuunl ,,.,tales. It all lntelestnlg tealure alld lilly be ~.omp,a~cd with the beha~, I 
l o u r o f l n e l a s t l c e l e c t l o n - p r o t o n  scatlezmg In l h e l a l t e l , d y ~ a m l c a l  nnpo~tanue l.,, 
a t t a c h e d t o t l l e f l a t t e n u l g o l a n g u l a l  d l s t l l bu t ton ta t  l , ugenus tmgmdss  Iqoton-  
p lo ton  re,lcllons perhaps also lel]eul these feattlres, in common  with olhel h,ldlonlC 
procestes However ,Is the batLc mechanlml  of hadrolllc ultetat.tlOnS is n lud l  lest 
clear-cut than the one photon plocesses ot e lcc t loproductum,  little uan be sa~d m 
this direction.  

(v) Apart from lhe general fealutes el d l l l ract lon tllssoclatlon and nlt,ltlple st.at- 

termg already discussed, tile available theolettt_al discussions con l l lbu te  htlle to 
quant t ta l lve constderat lons of  the leson,ulce plodt lc t lon data. pa, llt.ularly at large 
It I. Tile relat lonthlp between elatttc and inelastic scattering appeals to be mole 
profi tably discussed howevel 

(vl) At a practical point it would appeal dffllcult Io pmsue  the &'lads el the 
single resonance product ion reactions to much lugher ene~gms by mls,,,ulg lna,,,.s e,,,- 
pe lnuen ts  The available expe lnnenta l  mass ictolutkm,,, i :pldly becolne m,,,ulllcmnl 
using pleselll techniques 

6.3 A ]thai remarh 

Alfllough tile pretest  expel nnent  exlnblt~ mtere,,l lllg lear tlle,,, as otll hned above, 
ot elastic el Inelastic p ro ton-p lo ton  suattermg it seems cleat thdt the eltt~.ldat~on el 
the dynamics  call only resull t roln expel lnleiit", at hlghel energy and conlp,n tson 
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w i l l l  e t h e l  h<~dronic ~,¢~llterillg. sys lems ,  hi  < ldcl i t lon i l l t)10 de ta i l ed  w o i k  b e l w e e i l  7 

~ind 10 G e V ! (  , w h e r e  the ~ , l luc l t i i e  111 the , i i lgulzi l  d l ~ l r i b u l i o i l  d e v e l o p s  w o u l d  ~eeil l  

Io  be u.~elul 

We w ish  i o z l c k l m w l e d g e l i l o e x c e l l e n t  tech l i i c , l l  s t i p p o i t  e l  I{ l ) o n n 0 i ,  M l -e r l ; t l  

and ( ' S  S l< lh lb r< lnd l .  P S c h , i i t t - t l , i i ~ c i ~ F i v e ¢ o n ~ i d o i , i b l e h c l p w l i h  l he  o l l - l i n0  p i o -  

g r a i l / n i i n g  B ] . )d l l l l0r  ~illd P. ~c ' ] l i l0c .ke l lb t l lg¢r  ~,~eie l l i s l i u i l l e i l l , i l  111 ~e l l l i / g  t ip l ho  

h d r d w , i r e  te l  t i le  nl~igi le l  c .o i i l l o l  ~,y,,lein d l ld g V d n  ( ; u ] i k  p i o v i d e d  tect/ i l lc ' , i l  <ldvi¢c 

e l i  l he  rise o f  I h l l  p robe~  I J , i i ~N l i l l  ¢~il i lOd Otl l  l hc  , l h i l l l i l l lU l l l  t o i l  dc l lVd l l o l /  llle~i- 

kt i ret l lCl l t , , ,  V AgolltS~.lS p r o v i d e d  t i le  ,,ect>ild<ity el+ill%lOll t l lO l l l l t l r  ,lied t i le  ~>pet.'l<il 

l i ) ,diog011 t , i ige l  w,i$ ~upp l t cd  b )  G.  Br~i l id,  ( ;  ( ' o u b i d  <iild l ~ , l a / / o i i o  

We t i l a n k  ( ;  Shcr l l l  7 ~,+ho p< i i l i c lp~ l l0d in l l to  e<ill) ' pil~i+e of  it~o expe t l i i lO l l t  <lnd 

the MPS DlVi,, lOl i  ( l l i o l o i ~  . ~ y i l c h l o l O i i )  eel i hc  e t l i c i e n l  opcr< i l l t ) i l  e l  the + l ow l y  

e lec ted  be, l l i l  ~ilid l h0  i l l~l<l] l<i{lOii e l  l l i c  .~ l+cul io i l io lo i  

Wc ~lre g l~ i to t t i l  Io  W PJ~lrlel. G.  ( 'occk) i l i ,  1 Vd t l  I I o+c  , i l ld I I  ~c .hoppe l  lo t  C l i l l -  

cal r¢ , id l l lg  o t  the l l l~ int i$Cl lpt  
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