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ABSTRACT

Differential cross sections are presented for the production of
pions, kaons, protons and antiprotons at the angles 0° and 5.7°, produced
in proton collisions with H, , Be and Pb targets at primary momenta of 18.8
and 23.1 Gev/c, and in some cases at 8.65 and 11.8 Gev/c. The data are
discussed with special reference to the rdle of isobar excitation in the
production of secondary particles. All qualitative features of the experi~
mental data are shown to be consistent with a dominant rdle of iscbar decay
in the production of pions, positive kaons and protons at small angles.
Excitation of iscbars is shown to proceed without exchange of isoépin
between the colliding nucleons. Direct excitation of strange isobars can
be ruled out. Evidence is presented for reduced probability of iscbar

production at 0°.
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INTRODUCTION

The experimental data presented in this paper were obtained during
a detailed investigation of particle production at small angles. For the
first time absolute cross sections for the production of pions, kaons, protons
and antiprotons in proton - proton collisions were obtained at 0°, For an
1nvest1gat10n of the dynamics of particle production, data on proton - proton
collisions are most relevant. Information on the angular distribution was

obtained by repeating the experiment at an angle of 5.7° (100 mrad). The

primary momenta were 18.8 and 23.1° Gev/c, in some cases also 8.65 and

11,8 Géﬁ/éo Daté were &lso taken for collisions of protons with complex
nuclei, beryilium and lead; they have mainly practical use for the design
of secondany\beamé. The data on particle production from proton collisions
with complex nvlclel gave also information on proton - neutron collisions and
reabsorptioh phnpomena. 'In pafticulaf, they were of importanoe for an im--
proved calculatior. of the neutrlno spectrum 1n the CWRN neutrino experlment )
Tt was for this purppse that this 1nvest1gat10n was orlglnally started, In

total, nore than 300 ulfferentlal cross sectlons have been measurud

=1
=

Previous experimental studies of particle production in nucleon -

nucleon collisions, with cosmic rays and accelerators, have established

some gencral characteristics' of this process. They:will be recalled in the

following2>~ without giving special reference to individual contributions.

1. The mean inelasticity in high-energy collisions, defined as the mean
fraction of cnergy available for particle production, remains small

- throughout the primary encrgy range 10 to 10° Gev. .

i

2. . The mass spectrum of 5€conuary pa fulCle remalns approx1mately the same

up. to the highest energies studied w1th cosnlc rays. The total energy
afflud away by pions is a small fran“lon, abouu 30% of the primary

nucleon energy.

3, In the centre-of-nass system, the longltudlnal momentumn spectrum of protons
is p,&ked towards the maximum p0351ble momuntum, in contrast with the
plon upcctrum which is Doaked at low momenta. - The mean encrgy carried

away by the nucleon corponenu is approx1mduclv'60/6of the initial energy.
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4. The momentumn spectru. of pions is characterized by an exponential tail
at the high-energy end. As the .rimary energy, BEo, is raised, the mean
_kinetic centre~of-mass energy of pions remains constant, the mcan pion

1
multiplicity increasing roughly as Edé .

5. Pions and kaons are produced with transverse momenta distributed
approximately as a Boltzmann law. The average transverse momentum is
about 400 Mev/o and remains constant up to cosmic ray encrgies. There
is some evidence that the baryonic component has a similar distribution
of transverse momentum,vbut the average transverse momentgmlseems to in-

crease slightly with the mass of the baryon.

Several nmodels were proposed (statistical mcﬁgl9 fire ball model,
one pion exchange model, multiperipheral model, etc),’to account for these
gencral characteristics. They either reproduce soule average features, such
as the centre-of-mass energy spectra, averaged over all angles (statistical
model), or some dynaﬁical features, such as ths angular distribution
(peripheral nodel ). The best description i. cbtained by a set of empirical

rulesz) as suggestcd by the data.

Some finer details of the experimental data about the dynamics of
particle production have however been left out in this list of general

characteristics.,

At low primary moméntalfof a few Gev/c, the process of particle
production has been successfully:desoribed4> by the formation of isobars
and their subsequent decay. De&ailad calculations, using an explicit
mechanism for cwnciting the inqident rucleon as well as the target nuclcon
through one pion exéhange, gﬁ%e quantitative agreement with the experimental

datas)

At the highest accelerator energies there is also experimental
evidence from ncar glastic proton scattering for the excitation of the
nucleons®’, However, the exchange phenomena leading to this iscbar

excitation were fod@djﬁ: be drastically different., The angular distribution
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of isobar excitation was observed to follow the diffraction pattern of elastic
proton - proton scattering, up to momentun transfers which are far outside the
range of validity of the one pion exchange nodel, Moreover, the excitation

of the first isobar with isospin I = 3/2, was observed to disappcar very
rapidly as the primary energy was increascd; at the highest accelerator
energies, only excitation of iscbars with iscspin I = 1/2 was cbserved
experimentally. This diffcrence in the exchange phenomena at low and high
primary encrgies was attributed to the vanishing of inelastic contributions
with exchange of one unit of isospin (such as ‘the one pion exchange), and

the increasing importance of processes without exchange of isospin’’.

In the following we shall try to investigate the rdle of iscbar
excitation in the production of secondafy particlesa), Kinematically,
particles emitted in the decay of isobars nay be'distinguished by the high
velocity of the parent isobar in the laboratory system. In the decay to the
ground state by single pion emission, the mean total encrgy retained by

the pion is :

M2 - M2 4 P
b

T
ZMB

where MB is the isobar mass. For an average mass of M_ = 1.6 Gev, cach

B o
isobar will, on the average, transfer 30% of its energy to one or sometimes
two pions. As a consequence of the high velocity of their parent isobar,
decay pions can carry a largé fraction of the primary momentum. The average
fraction 1s determined by the isobar mass and is approximéteiy independent
of the primary momentum. As a consequence of this, the average secondary

momentun of decay pions will scale linearly with the primary momentum.

The kinetic cenergy remaining in the collision rest system as the
colliding nucleons go on in an excited state will also contribute to second-
ary parficle production. This process Will produoe'the bulk of secondaries
observed at large angles. The average momentun in the collision rest systen,

<p>, is known to be small and constant, independent of the primary momentuin.
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In the laboratory system this contribution is characterized by smell secondary
momenta, of the order of <p> ;C , where ;C is the Lorentz factor of the
c.Hm.s., scaling roughly as the square root of the primery momentum. These
kinenatical differences will be useful in the discussion of the experimental

results.

In the following section II, the experimental set-up 1s described.
The main qualitative featurcs of the experimentél data will be discussed in
section III, with special reference to the réle of isobar excitation, Finally,
in éeotion IV, the observations on the experimental data from scction III

will be sumnarized and their consistency will be discussed.

In the appendix, all differential cross sections obtained during

this experiment are presented in tables 1-7 .

EXPERTMENTAL METHOD

Targets were placed in the focus of a scattered out proton bean

of the CERN proton synchrotron, containing sone 107 protons per burst in an
image 2 cm wide by 3 cm high, with a momentum band of +1% and a divergence
of *3mrad, The number of protons hitting the target was monitored by a
counter telescope M2 Ms (Fig.1) , looking at secondaries which leave the
target at a mean anglé of 100 mrad; it was calibrated using in coinoidence
a small scintillator M: , placed in front o€ the target. This calibration
was found to be reproducible to within + 3% :» A differential ion chamberg),

placed in front of the target, monitorecd the position of the proton bean.

Secondary particles produced in the target were analyzed in nomentun
and brought to a focus on counter 8s by a spectrometer consisting of a
quadrupole triplet Qs Qs Qio and a bending magnet Bs; in the 0 nmrad
position, the bending nagnet separated sccondaries from the incident proton
beam, giving a spatial separation at counter Si of 25 to 70 cm for positive
particles and more for negative particles., In the 100 mrad measurenents, the
whole set-up was rotated around the target; the incident proton beam then
clearcd the spectroneter completely.

*)  The neutron contamimation was found to be smaller than 1%.

s




Secondaries were then defined in direction by the counter telescope
S+ to 85 and identifiéd by the Cerenkov counters -Cq C» Cs 10) (threshold)
and Cd (differential)11) » Using appropriate combinations of the signals
of these counters, all particles of the same charge (7, K,p orm, K, p)
1

R . pe .
were identified simultaneously lar

(SLEE SRR kit 381 “w Je i

Severe experimental problems arise in the O mrad measurements from
the fact that the proton beam traverses the spectrometer together.with second-
aries produced in the target. The following figures depict the situation
in two typlcal cases in which the spectrometer is set for 10 Gev/c secondaries

of p031t1ve and negatlve charge.

Table T .

Number of particles tréversing the spectrometer (per burst)

Protons of the - | 704" 2kt 400 p
incident beam : o = =
2 x 107 S 3o 0.35 K~ - | 0.04 p

Secondaries nay be"also produced by protoris of the incident beam
hitting the pole pieces of the quadrupoles. The protons producing these inter-
sections come from the'halo>surf0undiné the incident beam. There is also a
finite probability for any proton of the incident beam to be scattered into
the counter telescope, giving rise to false proton or false kaon counts; one
should notice here that the B of 10 Gev/c kaons is’roughly equal to that
of 18 Gev/c protons. Both these effects result in a counting rate without
target which is a significant fraction of that with targets; moreover the
cffect is target dependent because the nurber of protons throubh the spectro-

neter is reduced when the target is in position.

The following precautions helped to improve this .situation. : =i .




1. Thin targets were used to avoid excessive blowing up of the proton bean

by multiple scattering.

2, Multiple and nuclear scattering from the air throughout the spectrometer

was ninimized by inserting He bags.

3. All secondaries produced in the pole pieces of the spectrometer and

]

liable t0 reach the counter telescope were vetoed by guard counters .

placed inside the spectrometer. They also served to define a simple
diaphragn for particles produced in the target which greatly simplified

a reliable calculation of the solid angle,

k. The high counting rete of the guard counters gave rise to losses due to
accidental anticoincidences, These were therefore continuously monitored

and used for correcting the data. Thisg effect was always smaller than 10% .

The measured cross sections for production of ﬂi, Ki, P and ;
at 0 and 100 nrad from P-P, pP-Be and p-Pb interactions at 18,8 and
23,1 Gev/c are given in the appendix, tables 1--7, each table corresponding
to one particle of given charge. The cross. sections are expressed in mb spr—!
(Gev/c)"'1 per nucleus and not in number of secondaries per interaction; this _
would have implied the use of the total cross section which is not well known

for nuclei,

Corrections have been applied for particle decay, for accidental
coincidences, for absorption, nultiple scattering and diffraction scattering in
the target and the telescope and for differential Cerenkov counter efficiency.
The errors quoted include both statistical and systematical uncertainties;
the latter arise fron approximations in the computation of the corrections
as well as from the uncertainty in the intensity of the incident beam. Error

+ - +
bars are shown for K and p ; errors on 7 and P are of the same
order as the size of the points,

Absorption corrections are important as the simultaneous identi-

fication of three kinds of particles requires several counters and consequently

introduces a certain amount of material in the path of the secondaries,
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K and ;-nuoleus abeorption cross sections are often not available and have
been oompufed fron cross sections on hydrogen with the help of a seni-
theoreuloal formula derlved'by R.W. Willlams12), which is nore accurate
than the "geometrical" formula 0= 0y A’/ . Typical corrections are of

the order of 20% for 6 Gev/c positive pions,

No simple evaluatlon of losses by multiple scattering can be done
when the scatterer is extended as_in the case of our counter telescope;
consequently a Monte-Carlo caloulatlonuwas done. This. considers both the
particles which are scattered ontTof,ﬁhe telescope and those which would
leave the éelesoope‘but are scattefed back into it, taking into account the
spatial distribution of the beam, which was not uniform in our oase because
of the focusing action of ' the lenses. Typically, correcfions are smaller

than 10% for 6 Gev/c secondaries:

The problem of losses by‘dlffraotlon soatterlng is 51nllar, ninor
modlflcatlons to the oonputer programne allowed the calculatlon of the fraction
of dlffraotlon scattered secondaries Whlch are lost for the telesoope yielding

a typlcal correction of 57’ for 6 Gev/c posltlve pions.

The effeot of the flnlte average angular acoeptanoe of * 8 mrad

”on the O mrad data has been 1nvest1gated Extrapolatlon to zero solid angle

requires assumptlons on the detalled shape of the angular distribution. This
is strongly momentun dependent An upper limit for this correction was
cstimated with the help of ‘the empirical formula given by Cocconi, Koester,
Perkins® s> Which over-estimates this effect. These limiting corrections
varied from less than 1% to less than 10% for 1 Gev/c and 12! Gev/c

secondaries respectively, and were neglected.
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EXPERIMENTAL RESULTS
N
1. Pion Spectra

Negative piop Production in proton-—beryllium ¢ollisiong in the angulgp
range 25 - 125 nradt? and on neutral piop broduction in proton - protep col-
lisiong in the angular range 30- 500 mrad'4 leads us to the following

8eneral observations:

i) The'differential nomentyun spéctfé of poéitive and negative Pions at Qo
diffeyp strongly“ih-shape, This”is best observeg on a linear plot ip
Fig,hh . mne spectrun of Positive Pions exhibits g Pronounceg naximum
at 5,8 Gev/c fop 18.8 Gev/c Primary Bomentun, whicp is shifteq o

i1) At spa1 angles, - the Cross section for prodquction of pions with second-

iii) Aﬁ fixed Secondary Honentun, the broduction of pions increage strongly
- as fhe angle jg decreased, waever, in the Very smgll angle range
bétweengo—-25 hrad; and fop higher Secondary Domenta, the broduction
hérdlyochangesr '

iv) There ig eXperiments] evidence.that the broduction of pions With.low
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Spectra of Positive and Negative Pions

The pronounced difference in shape of the spectra.dbserved for
positive and negative plons can also be demonstrated by considering the
ratio of positive to negative pions, N(#" )/ N(W-) . This quantity is
shown in Figs. 5 and 6 as a function of secondary momentum for different
angles and primary momenta. At lowlseeohdary momenta, it is close to one,
as the momentum increases a steep rise is cbserved and finally a constant
value is reached varying only with thé angle. The step in the momentum_
dependenoe of the ratio N(7") / N(x") , as well as the position of the
peak in the 7 spectrum are observed to shift approximately linearly
with the primary momentum. If the incident nucleon were excited in a
near elastic wllision, pions emerging from its decay to the nucleon ground
state would exhibit this dependence on the primary momentum. The average
fraction of energy which an excited nucleon‘oen transfer to a single decay
pion is about 30% for en average isobar nass ef 1;6 Gév, as calculated in
section 1. The peak in the positive pion ePectrum.(Fig. L), is indged ob-
served to occur at about 30% of the primary momentum, The maximum fraction
of energy which an isobar can transfer to & single decay pion is about 70%
for an isobar mass_of'1.68 Gev. This is unfortunately outside the momentum
range of this experiment. Observation of a fast, sudden drop in the pion
spectrum at high momenta could in faot be used to put a lower limit on the

masses of isobars frequently exclted in nucleon - nucleon collisions.

Hore we have assumed that isobars decay .preferentially by the
emission of a single pion. '‘Decay into other channels are known to contribute
about 20% to the total ratezo), The contribution from more complicated
decays, for 1nstance into two plons ),‘ls ev1denced by ‘the shift, with
primary momentum, of the hlgh—momentum tail in the 7w speotrum. In
decays into two.pions, the average fraction of energy fféﬁsferréd'to'each
pion is about 15%. The.makimum observed in the m spectrum at’18,8 Gev/c

primary momentum does indeed_eceur'at about 0.15 ° po .

But apparently, few negative pions are produced by single pion
decay of isobars. This surprising result imp;ies that the incident nucleon
does not change its charge when it is excited, a statement equivalent to the
observation that at high primary energies the exchange phenomena regponsible

for isobar excitation are processes without exchange of isospin6’7)°
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This result is further supported by the experimental evidence from our data,
that the ratio N(n7 ) N(7~) is independent of the target nucleus, a result
which is to be expected when isobar excitation is proceeding through processes

without exchange of isospin.

Turther direct evidence against the excitation of isobars with
isospin I =-3/2 is obtained from the ratio of positive to neutral pions at
fixed secondary momentum. On the basis of isospin conservation the decay
probabilities of a positively charged isobar into 7 or #° are in the
ratio of N( n')/N( 7°) = 2 for isospin 1/2, and of 1/2 for isospin 3/2.

A conmparison of our data on T production with other da‘baf4 on u°
production at 100 mrad gives a ratio of 1,6 * 0.3 in the relevant range of

secondary momenta (see Fig.6), compatible with I = 1/2 but excluding I = 3/2.

This experimental fact of unequal population of the different isospin
states could certainly not be understoocd on the basis of a statisticél nodel,
This model, on the contrary, predicts that all isospin and spin states are
poPulated according to their respective statistical weights. The statistical
nodel, however, may be adequate to describe particle production from the
kinetic energy remaining in the collision rest system as the colliding
nucleons go on in an excited state. It, in fact, predicts the observed con-
stant mean kinetic c.m.s. energy16) and gives also excellent agreement with
experimental data on the c.m.:spectrum, averaged over all angles14). This
agrecement shows that, though ?ibns created by the decay of isobars carry high {
energy, their number, averaged over all angles, 1s small as compared to the

pilon multiplicity in pionization processes.

With this justification in nind, it will be instructive to compare
the experimental data at 0°, transformed to the c.m.s., with the momentum
spectrun predicted by the statistical model16). This comparison is shown for
positive and negative pions in Fig.7; the spectrum given by %he stétistical
model is suppused to give a good approximation to particle pro&uctlon in the
collision rest system. Fair agreement is found for small momenta where mainly
multipion production is contributing. The comparison at hlgh mpmentum gives

an indication of the strong contribution from isobar &eoays4). The
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respective average nomenta, <§ > , are given in Table II, together with
data from bubble chamber work'®’/ on events with charged pion multiplicities

> L4, averaged over all angles.,

Table IT
)
Avexage momenta in c.m.s. compared to the prediction of the statistical model ‘&’

and to experimental results from bubble chamber work 5), average& over all angles.

This experiment Statistical16) | Bubble chamber’s)
o° model (averaged over all angl.)
< Eﬂ+> 1,00 Gev/c
0.540 Gev/c 0.550 Gev/c
< Zﬂ_ > 0.70 Gev/c

This comparison shows. unambiguously the strong contributions from isobar
decays to both positive and negative pions at 0°%; note, however, the good
agreement with the statistical model for high multlpllclty events, averaged

over all angles.

Bxcitation Curves

Varying the primary momentum, it was observed (see Figs. 8a and
8b) that the cross section in the labofatory systen for production of pions
at 0° with secondary momenta below 5 Gev/c tends fo approach a constant value.
This was in fact predicted by a multi-peripheral model17). The decoupling

from the primary momentum is introduced in this model, by assuming that pion

_production in the colliéion rést System takes place by multi—pion interaction

in the exohange process between the COllldlng nucleons° For secondaries of
small momentum a unlque laboratory‘speotrum is predicted Whlch depends on the
mass and on the transverse momentum of the secondarles, but not on the
prlnary energy, 1t would be 1ntorest1ng to searoh for such a behav1our over

a wider range of prlmary and secondary momenta,
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Angular Distribution at High Secondary Momentum

" The variation of plon production with laboratory angle and second-
ary nomentum has already been investigated by several authors18), In the
range of angles larger than 5°, it was found that the probability for emission
of a pion with secondary momentum p and transverse momentum Py = p.sin ©
can be expressed as a product of two probability distributions, g(p) and
f(pt) . Using the general characteristics of particle production, as
mentioned in section 1, Cocconi et al3) obtained an excellent £it to all
data on pion productionzz) in the angular range © > 5° with the empirical

formula :

d*c  n p? P -2 p

) t
— = — —— ‘exp (- ) exp( ) .
a0dp 2T pPo<p> <p> < py >

Here n, is the effective pion multiplicity, po , <p > and < p, > are
the primary momentum, the mean secondary momentum and the mean transverse
momentum respectively° Typical values obtained for these parameters are
< p> = 350 Mev/c, <p> = 2 Gev/c. The validity of this empirical
rule in the small angle range can be tested by plotting the ratio of
cross sections for pion production at O and 100 mrad against secondary
momentum, The empirical rule predicts this ratio to be given by the

expression

exp (2p0 / <PyL>)e

' The experimental date are shown in Fig.9; the solid lines give the prediction

of the empirical rule for different average trahsverse nomenta, The plotted
ratio is seen to follow an exponential with a slope of <Py > = 0.40 Gev/o
for positive pions and <p,>= 0.46 for negative pions respectively in
good agreement with data at larger angles3 . However, a ratio equal to one,
predicted by the empirical rule for zero seoondary momeritun, isAobserved to

occur at a momentum of about 2 Gev/c; extrapolating to zero momentum gives
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a ratio of O,k for positive.pions and of 0.5 for negative pions. Since a
good fit of the data for angles © > 5° was obtained with this rule, as
nentioned before, we conclude that for angles close to 0° +the production

of pions of both polarities is increasing less rapidly with decreasing

transverse momentum. To investigate this apparent suppression of pion

production at 0° further, a comparison with other data, at angles between
25 and 30 mrad has been done. The high-momentum tail of the 7 spectrum
at 0° has been compared to data on #° production in proton - proton
collisionsM)° In doing this comparison, one should keep in mind that both
positive and neutral pions of high secondary mémentum, P, 2 6 Geﬁ/c, are
supposed to emerge from the decay of positively charged isobars of isospin
1/2. Consequently, the expected ratio N(7") / N(7°) = 2 has been taken
into account in Fig. 10. One notices that the production in the secondary
norentum range considered is hardly changing between O and 30 mrad.
Remembering the finite angular-acceptance of % 8 mrad in this experiment,
an actual dip in the angulaf distribution at 0° cannot be excluded. A
similar conclusion is reached for the high-momentum tail of negative pion

production at 0°, as compared to unpublished data at 25 mrad13).

Considering now the angular distribution of parent isobars, one

. could in principle, using some information' on* the different partial waves

contributing 0 the decay of different isobars, deduce it by unfolding the

cbserved angular distribution of decay pions. In practice this analysis

~would only be significant if the probabilities of exciting different isobars,

- decaying into different partial waves were known.. We can, however, arrive

at the more qualitative conclusion that the probability for exciting the
incident nucleon is reduced when the angle is not changed during the col-
lision. Some more quantitative statements will be given later, frqm an
analysis of the proton momentum spectrum at 0°, This suppression of
isobar excitation at small angles has in fact already been observed in

experiments on near eleastic scattering of pr'otonsé)°

Isobars are known to have high spin values which are increasing
with increasing mass. Classically, the change in orbital angular momentum

without change in direction is related to the change in momentum in the c.m.s.
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before and after the excitation. OQuantunm mechanically this means that the
probability for changing the orbital angular momentum by one or more units

is reduced if the direction is not changed in the collision,
This speculation gives actuality to several experimental studles:

1, Investigation on the pion momentum spectrum up to the maximum possible
ponentun would give confidence in the limitation of isobar masses con-

tributing to pion produotion.

2. Experimental studies of the plon production in the small angle range,
up to the maximum possible momentum, would be valuable to determine the

reduction of the probability for exciting iscbars of different masses.

3, The main contribution to pion production at 0° may be due 1o the

hypothetical PV % 7N resonance’® of mass 1480 Mev which can be
2

1

2
excited without change in orbital angular momentum. Experimental ob-
servation of a sudden break in the high-momentum part of the il spectrum
would give the mass and an answer to the question of the existence of a

PVE b@ 7N resonance,

Angular Distribution at Low :iomenta

The observation of more abundant production of pions of small
secondary momentum at finite angles as compared to 0° (see Fig. 10) may

direct this discussion to consider the dependence on the impact parameter

‘of the amount of kinetic energy remaining available for particle production

in the collision rest system when the colliding nucleons fly away in an
excited state. The angular distribution of excited nucleons was fouhdé) to
be characterized by an exponential decrease of the differential cross section
with increasing (four-momentum transfer)® = t, exp (-b|t|). At small angles,
close to 0°, the collision is dominated by isobar excitation in two-body
reactions. The kinetic energy remaining in the collision rest system is, in
the statistical average, necessarily small and its contribution to pion

production at 0° vanishes as compared to isobar decay. As the angle is
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increased, the probability for the incident nucleons to separate from the
collision rest system in an excited state decreases rapidly. Consequéntly,
the kinetic energy remaining available for particle production in the c.m.s.
will, in the statistical eéerage, increase with decreasing impact'parameter
and its contribution to pion production will grow., This effect i1s apparently
observed in the lew momentun region’of'pioh spectra ef smali angles as com-
pared to 0°, most strikingly in Fig, 10, where production of 7~ at 0° and

0

7° at smell angles is compared.

Using the arguments given in the preceding paragraph, the relative
nurbers of pions at - 0° produced in the collision rest system -and by isobar
decay, are estimated from Tig. 7, "to 1/3 , their relative total energy content

0 1/8, respectively.

2. Kaon Spectra

Production of positive kaons at small angles (Fig. 11) is
characterized by a striking similarity with the spectra of positive pions,
This is observed moet-direcfly in Fig., 12, showing the ratio Kﬁ/w+ as a
function of secondary momentum for- O and 100 mrad. ‘One notices that this
ratio is constant, close to 10% , independent of angle and primary momentum,
Consequently, we consider that the conclusions-reached for production of
posltlve plons apply to the produotlon of p051t1ve kaons as well; 1n parti--
cular, that there is a high probablllty of excltlng ‘the 1n01dent nucleon in

a near eclastic collision Wlth decay by the emission of a single positive kaon.

Before entering into a discussion of the probability of isobar -decay
into kaon and hyperoﬁ, e few remarks about the detawon negative kaon production
will be given. This is‘characterized by a etroﬁg dependence on secondary
momentum, both at O and 100 mrad (Fig. 14) and by the strong dependence
on primary momentum. These characteristics of K~ production are seen to be
in contrest with the observations for negative pions, as is evidenced by the
ratio K /@ , shown in Fig. 13, as a function of secondary momentum. The

production of K  seems to be domlnated by phase space, Whereas most negative

" pions of high momentum are produced in decays of lsobars by emission of two pmrs
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This conclusion is supported further by a comparison of the momentum
spectrum at 0°, transformed to the c.m.s., with the prediction of the

statistical model; +the shape of both spectra is observed to be very similar,

With this conclusion in mind, the possibility of exciting a strange

isobar in a near elastic nucleon -~ nucleon collision may be investigateds) .

X fa e ® raqa \ :
Yo (1520 Mev) and Y, (1815 Mev,, for imstance,

(3

Strange isobars, such as the
are known to decay to the nucleon ground state by the emission of a single K ,
with a probability of 30% and 60% respectivelyzz). The average fraction
of energy transferred to a decay kaon would be 36% and L4O% respectively.

" No peak in the K spectrum at secondary momenta around 0.4 ° po has been

found at 0° ., We therefore conclude that the excitation of strange isobars,
requiring an exchange of strangeness between the colliding nucleons, is very

improbable as compared to non - strange iscbars.

This can also be demonstrated by the production ratio K%/ X .
If a strange isobar were excited directly in a near elastic collision, with

exchange of strangeness between the colliding nucleons, a K™ would have

‘to be produced simultaneously at the other nucleon. Strong excitation of

strange isobars would thus tend to give a ratio (K'/XK™ ) ~ 1, averaged over
all momenta , Experimentally, however, this ratio is observed to be larger
than one and to increase strongly with increasing secondary momentum, roughly

as an exponential (see Fig. 12).

We are now prepared to discuss the probability of non—stfange isobar |{
decay into kaon and hyperon. The isobar Nﬁ/%"S/a - of mass 1688 Mev is
known®°224) 4o decay to K Ao (& wave) with a probability of about 3%.
Assuning that all positive pions of high momentun are emitted in the decay
of the two iscbars N*1/2 5/, (1512 Mev) and N*1/2, 5/2 (1688 Mev), which
are known to be excited with about equal probabilityé), we would expect a
ratio Kf/ﬂ%‘; 1.5% . It is, however, necessary to take into account the
respective momenta of the pion and kaon in the isobar rest systen and to
correct the decay probability by the Jacobian, which for small’angies is

equal to
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.to arrive at the ratio Kﬁ/ﬂ+ as observed in the laborétory system per fixed
element of solid angle and por unit momentum interval. Using this correction,

we in fact arrive with the given decay probability, at the observed ratio of
10% . '

As a consequence of the smaller momentun of K in the isobar rest
- systen, the angular distribution in the laboratory will be more peaked forward.
Thus, the suppression of production at 0°, due to the reduced probability of
isobar excitation in the forward direction, should be more marked for kesons
- as compared to pions. This can be observed in Fig. 15, showing the ratio
b of X' production at O and 100 mrad, as a function of secondary momentum.

The data are well fitted by an exponential

a° exp (2p@/<pt> ),

using a Value of <py> = 0.37 Gev/c for the average transverse momentum.
Bxtrapolation to zero secondary momentum gives a = 0.2 demonstrating the
suppression of K" ‘produqtion at 0°, as compared to 100 mrad, by a factor

of 5. The production of 7 at 0° ~was found to be suppressed by a factor 2.5.
Thié éonsistent observation then helps to increase the confidence in our con-
clusion about abundant production of positive kaons and piohs from the decay

(  of isobars with isospin 1/2.

3., Proton Spectra

Unlike pions and kaons, protons observed at small angles are not
"produced" in the proper sense of the word; they are identical to the
incident protons and have lost a certain fraction of their primary energy

which went into proper production phenomena.

This is strongly exhibited in the momentun spectrun at 0° (Pig.16),
which is observed to increase as an exponential with increasing secondary
nomentun and to be pcaked towards the maxinum possible moménﬁum, as already

found previously in bubble chamber investigationszs)° It was the observation

PS/1303/%1
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of this bechaviour which first stimulated the discussion of particular

~ processes of particle production in which the nucleon retains a large

fraction of its primary momentum. To come to more quantitative statements,
let us consider a diasgram in the c.m.s. where the longltudinal momentum,
;L » of an event is plotted against the transverse momentun, Py - Bach
event is represented by the end point of its total momentum vector. A pro-

jection of the density distribution in this diagram on the axis p, and
v

;L gives the probability distribution of these variables. These distributions

3)

obtained at laboratory angles e > 50_. Using

have been assumed to be independent of each other in a previous analysis

)

this assumption, good agreement for pion production and for proton fluxes

of cxperimental data®?

was obtained.

In the forward direction the transverse momentum is zero and a
transformation of the observed momentum spectrum to the c,m;s. gives directly
the probability distribution in- longitudinal momentum, E%Jo This distribution,
expressed as the probability per steradian, Gev/c, and interaction is shown
in Fig. 17. The high momentum part is well approximated by an exponential,
peaked towards ;o ,  the primary c.o. momentuﬁ° As the primary momentunm is
increased, the probability for fixed ;L decreases, This effect is obviously
related to the fact thet the total area under the distribution, the number of
protons per steradian and interaction at 0° remains constant, i.e. the
probability of near elastic charge exchange is Independent of the primary
momentum. - This number of protons at 0° per:-steradian and interaction is
also found to be independent of the target nucleus, to within 20% . These
observations may be taken as the most convincing confirmation of our preceding
conclusion, reached in the discussion of pion and kaon spectra, that only isobars
with isospin 1/2 are excited with high probability in high-energy nucleon -

nucleon collisions.

Protdns enitted in the decay of i1sobars, produced at small angles
at a primary momentunm of 18,8 Gev/c, have a minimum momentum of 6.5 Gev/c,
for an average isobar mass of 1.6 Gev. Their maximum momentum is close to
the primary momentum. Unlike decay pions, these protons are collimated in a nar-

row angular cone of * 4O nrad opening angle around the direction of the isobar;
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consequently,isobars produced at an angle © will contribute by their decay
protons to the momentum spectrum at 0°, with a momentum depending on the

angle © , The resulting spectrum could then in fact be calculated, if more
information on the angular distribution of isobars were available, In the
light of our conclusion about the importance of iscbar excitation and decay

in the production of particles, the unique distribution of transverse momentun,
according to a Boltzmann law observed for pions and kaons at all angles, in-
cluding the very small angle range, appears to be the result of a strange ac-

cident, produced by the combined action of dynamics, in the production of

isobars, and of kinematics, in their decay. In fact, in the case of protons

this accident does not occur.

Figure 18 shows the plot of the ratio of protons observed at O and
100 mrad against secondary momentum, The slope of -the momen tum dependence 1is
observed to increase with increasing momentum. For secondary momenta

p 2 6.5 Gev/c, the data may be fitted by a single exponential

a .m@(2p®/<pt>),

using a value of < Py > = 0.290 Gev/c., Ixtrapolating to zero momentum, a
ratic a = 0,05 is obtained, The apparent break in the slope of the data

is observed to ocour at the minimum momentum of protons emitted in isobar decay
The dashed curve in Fig. 18 indicates the prediction on the basis of a unique

distribution in transverse momentum, exp (2p0 /< Py >), using

<Py > = 0.4 Gev/c, a value which gave a satisfactbry fit to the data at

angles © > 5% 3/, The striking disagreement with the experimental data
invalidates the assumption of unique and independent distributions of trans-
verse and longitudinal momentum. This is illustrated more quantitatively by
conparing the mean cnergy loss per steradian and interaction at 0° in the

=

ColeSe, < By -~ E. > , as calculated from our data,

L

<E -E > =2,0 Gev st (interaction)™
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to the corresponding value, calculated from a spectrum at 0° as predicted,
on the basis of unique and independent distributions of Py and ;L , from

data at larger angles, including our data at 1OO-mrad5

- — 3 -1 . . -1
< Eo - EL;bredo = 4.3 Gev sr  (interaction)~'.

The striking difference may be taken as an indication that the contribution

at 0° +to the total mean inelasticity is reduced by a factor 2. If this

result is not to affect the established value of the mean inelasticity, we

have to conclude that the probability for isobar excitation at small angles

around 0° is indeed reduced by the limitation in change of' orbital angular

‘momentum. This conclusion is strongly supported by the observed shape of the

proton momentum spectrum at 0°. The momentum of protons emerging from isobar
decay is determined by the angle of emission., Only protons with a momentum
around 6,5 Gev/c are contributed from isobars produced at zero degree, protons
of higher momentum are emitted at an angle © by isobars produced at the

same angle. Taking into account the Jacobian of the transformation from the
isobar rest system to the laboratory system and the finite angular resolution
in this experiment, one can deduce the angular distribution of isobar production
from the cbserved momentum spectrum. If the angular distribution of isobar
production were peaked at 09, following an exponential in 1t = (four-momentum
transfer)® with the slope observed at larger angles®’, the resulting momentum
spectrum at 0° would drop by a factor of 8 from 7 to 12 Gev/c. We have
therefore to conclude that the obsérved increase in the proton spectrum at O0°
with increasing momentum reflects a rise in isobar production with increasing

angle around 0°.
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L. Antiproton Spectra

So far the production of antiparticles in high-energy collisions
has been described by statistical theories. In comparing these calculations
with experiments one meets in general the difficulty that the calculations
refer to an elementary process whereas the targets in experiments are complex
nuclei, TFor some time it was thoughtzs) that the discrepancies between
theory16) and experinent, in particular regarding the production of anti-
protons, may partly be due to reabsorption in thc sane nuclecus where the
particle was preduced. Sinoe‘then, reabsorption effects in complex nuclel
have been calculated on thé basis of a model®”/ and were found to be an order
of magnitude too small to account for the dbserved discrepancies. This result
is confirmed here by a comparison of antiproton prodUctibﬁ'frbm'hyarogén and
from nuclei, as shown in Fig. 19; for the comparison the experimental data
are given as probabilities per in‘teraotionzs)o One notices that the proba-
bilities per interaction dbtained with different targets aré indeed very close

to each other.

The shape of the spectra reflects the impoftance'of phase space
effects : strong dependence on secondary momentum and pronounced excitation
with increasing primary momentum. As an example, the yield of 10 Gev/c anti-
protons was found to increase by a factor of 10 as the primary momentum was
raised from 18.8 to 23%.1 Gev/c. One should notice the similarity to K
production; the ratio ;//Kf is constant, equal to about 0,12, independent
of the emission angle, primary and secondary momentum in the range covered in

this experiment,

The ratio of antiprotonsto negative pions, as shown in Fig, 20,
decreases from 1072, at L Gev/c, to 107> at 12 Gev/c, and increases as
either the primary momentum or the angle is increased. At L Gev/c the
statistical model16) predicts a ratio of 0.2 . This prediction is valid for

central collisions, in which all the c.m. energy is available for production

“of particles. From the preceding discussion of pion production'we inferred

that the colliding nucleons rather separate off before an equilibrium state,

containing all available energy, is reached and fly away in an excited state,
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the remaining kinetic energy availaeble for particle production being in the
statistical average a function of the impact parameter. The fraction of

central collisions may in fact be very small, of the order szg)

Ohentral(pp> _ w(h//Mp,cf ~

(pp ) 22 mb = 1/30 .

in®&l,

Antiprotons are only produced when the remaining kinetic energy, left by the
colliding nucleons is high. Pions are produced in the decay of excited
nucleons as well, 'Using the estimated fraction of central collisions, the

prediction of the statistical model may be reconciled with the experimental data.

One is surprised to observe that particles such as antiprotons
which are produced only in central collisions, show the same characteristic
Boltzmann distribution of transverse momentum as particles emitted in the
decay of excited nucleons. The ratio of antiproton fluxes measured at O and
100 mrad, as plotted against secondary momentum in Fig. 21, is indeed well
fitted by an exponential corresponding to an average transverse momentum
< p, >=0.55 Gev/c.

Central collisions seem to be distinguished from peripheral .

collisions only by the occurrence of higher transverse momenta®®’,

CONCLUSIONS

Several experimental studiesé) provided information about the
dynamics of isobars excitation in high-energy near elastic proton scattering.
Here we investigated the rdle of isobars in the production of secondary
particles. . It was found that at small angles around 0° the production of
positive pions is predominantly due to the decay of isobars. Negative pions
were not found to be emitted in the decay by emission of a single pion., This
result was shown to imply that the incident nucleon conserves the same charge
in the excited state. It is equivalent to say that the exchange process

responsible for isobar excitation at high energy does not change the isospin. )
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This result seems to be of general validity in high-energy interactions7>.
Independently, the same result was derived from the observation that the

number of protons per steradian at 0° does not depend on the charge of the
target nucleon, We can also rule out the occurrence of simultaneous excitation
of the incident and of the target nucleon to states of isospin 3/2; this pos-

sibility could not be excluded in previous experiments®’,

"The high probability for isobar excitation leads us then to conclude
that the colliding nucleons rather separate off before an equilibrium state
containing all available energy is reached and go on in an excited state., The
kinetic energy remaining in the collision rest system is in the statistical
average a function. of the impact parameter. Experimentally we found that the
production of pions in the collision rest system increased with increasing

angle.

Also positive kaons at small angles were observed to emerge pfe-
dominantly from iscobars decaying into K+Aﬂ . Thé knownvbranchhugrati62°’24
for isobar decay into positive pion and kaon gives quantitafive agreement
with the obsefved ratio K.+/1r+ at small angles; this ratio is predicted
to be constant at all primary energies where the parent isobar is strongly
excited. .Direbt excitation of strange isobarss) can be ruled out on the

basis of thé observed spectrum of negative kaons.

s)

produced in nucleon- nucleon collisions have demonstrated as a common feature

Previous experiments' on the angular distribution of secondaries

a unique distribution of transverse momentum around an average value, accord-

ing to a Boltzmann law.  The average transverse momentum was found to be
independent of the longitudinal momentum at larger anglesa). Here we could
show that in particle production at small angles which is dominated by isobar
decay this appears to be the result of a strange accident, produced by the
combined action of dynamics, in the production of isobars, and of kinematics,
in their decay. In fact an exoeption.from the rule was found for protons.
However, this exception was demonstrated to be produced by the particular
dymnamics of isobar excitation atJOO; thé prébability to excite the incident
nucleon at 0° was found to.Be redﬁced; Wé:héve téntatively interpreted this

phenomenon by a limitation in the orbital éﬁgular momentum change imposed at 0°.
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Isobars are known to have high spin values. Their excitation therefore re-
quires a change in orbital angular momentum., At 0° the probability to change

the orbital angular momentum by one or more units is reduced.

A indication that the excitation of colliding nucleons remains
important and of roughly constant probability up to cosmic ray energies
may be found in the expérimental fact that high-energy ccllisions are
characterized by small mean inelasticities. To account for this observation
one has to invoke a process in which the nucleon retains a large fraction of
its primary energy. Guided by the experimental evidence at accelerator energies
presented here and on the basis of cosmic ray datae) at 3000 Gev, we tentatively(
identify this process at all energies with the excitation of colliding nucleons. k
The observed small inelasticity then limits the mass of strongly contributing
isobars to less than 2 Mp8 . This is certainly a very strange observation,
It would be much more natural to assume that there is a continuous transition
from isobars of increasing mass to central collisions. If the spin of isobars
would continue to increase with the mass, the reduced probability for changing
the orbital angular momentum by the amount required to excite a high mass
isobar at small angles could be effective to limit the mass of strongly
contributing isobars. The limitation of isobar mass inferred from the small
inelasticity is of course the basis of the model for particle production

which was discussed here.
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Fig,2

Fig.3

Fig.L

Fig.5

Fig.6

Figo.7
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FIGURE CAPTIONS

Experimental layout of the spectrometer and the counter telescope.
M43 monitor, Qs - Q1o quadrupole lenses, B, bending magnet, G guard counters,
S1 = 8¢ scintillators, C4~Cz threshold Cerenkov counters, Cg differential

v
Cerenkov counter, Fe 1 m iron absorber.

Momentum spectra of positive pions at O and 100 mrad, for primary momenta
of 18,8 and 23.1 Gev/c, as observed in a) p-p collisions, b) p-Be col-

lisions and ¢) p~-Pb collisions.

Momentum spectra of negative pions at O and 100 mrad, for primary momenta

of 18,8 and 23,1 Gev/c, as observed in a) p-p collisions, b) p=-Be col-

lisions and ¢) p-Pb collisions,

Comparison of momentum spectra of positive and negative pions observed at 0°

in p~p collisions with primary momenta of 18,8 and 23.1 Gev/c,

Ratio ﬂﬁ/w_ as a function of secondary momentum at O  and 100 mrad ob-

_served in p-Be collisions at 23.1 Gev/c.

Ratios m /7 and 7 /7° versus secondary momentum as observed at
different primery momenta in p-p collisions. Data for po==3.8‘Gév/c

are taken from Melissinos et al®’.

Momentum spectra of positive and negative pions at 0° for p-p  collisions

at 18,8 and 23.1 Gev/c transformed to the centre-of-mass system versus

longitudinal c.m. momentum ;La The dashed curve gives the prediction of

the statistical model'®’.
a) Production of positive pions at 0° in p-Be collisions at fixed second-

ary momentum for primary momenta of 8.65, 11.8, 18.8 and 23.1 Gev/c.

b) Production of negative pions at 0° in p=-Be collisions for different
primary momenta. '

AngularvdiStribution of positive and negatiﬁe pions in p-Be collisions

at 18.8 Gev/c. Plotted is the ratio of cross sections at"Qt and 100 mrad

versus secondary momentum,




Fig.10 :

Fig. 11

Fig.12 :

Fig.13 :

Fig-1)4- :

Fig.15

Fig.16 :

Fig, 17 :

Fig.18 :

3/ k1

Comparison of momentum spectra of positive and neutral pions in p-p
collisions at small angles. Data on 7° production are from

M, Fidecaro et al’ 4)° The cross sections for a production are shown
also taking into account a ratio 7T+/7To = 2, expected from the decay of

a positive isobar of isospin 1/2.

Momentum spectra of positive kaons at O and 100 mrad, for primary momenta

of 18,8 and 23.1 Gev/c, as observed in a) p-p collisions, b) p- Be col-

lisions and c¢) in p-Pb collisions.,

Observed ratio K+/1T+ at 0 and 100 mrad and K+/K_ at Omrad in p-7p
collisions at 23.1 Gev/ec.

Raio K /m observed at O and 100 mrad in p-Be collisions-at 23.1 Gev/c.

Momentum spectra of negative kaons at O and 100bmkréd, for'primary
momenta of 18,8 and 23,1 Gev/c, as observed'in a) p=-p collisions,

b) p=-Be collisions and c¢) p-Pb collisions.

Angular distribution of positive kaons produced in p=-p collisions at
18,8 Gev/c. Plotted is the ratio of cross sections at O and 100 mrad
versus secondary momentum. The solid curve is a fit with

a*exp (2p9/ < Dy > ) using a =0.2, < Py > = 0.37 Gev/c.

Momentum spectra of protons at O and 100 mrad, for primary momenta of
18,8 and 23.1 Gev/c, as observed in a) p-p collisions, b) p~ Be

collisions and c) p~-Pb collisions.

Probability distribution in longitudinal c.m. momentum, ;.L s per steradian,
of protons observed at 0° in p-p collisions at 18.8 and 23.1 Gev/c.
Also shown is the distribution predicted by the statistical model“s) for

central collisions.

Angular distribution of protons observed in p-p collisions at 18.8 Gev/c.
Plotted is the ratio of differential cross sections at 0 and 100 mrad
versus secondary momentum. The dashed curve gives the prediction for a
unique dis“tribution in transverse momentum, using < by > = 0.4k Gev/c,

the solid curve is a fit to the high momentum data with a - exp'(2p®/<pt>),
using a = 0,05 and < p. > = 0,290 Gev/c.




Fig.19 :

Fig.20 :

Fig., 21

PS/L303/k1

Probability of antiproton production per interaction versus secondary
momentum as observed in p-p, p-Be and p~Pb collisions at 18.8 and

23,1 (}ev/c° For clarity, errors aré not shown, they are given in table 6.

Ratio of ;/ﬁf- versus secondary momentum as observed at 0° in p-p
collisions at 23.1 Gev/c and at O and 100 mrad in p-Be collisions

at 23.1 Gev/c.

Angular distribution of antiprotons produced in p-Be collisions at
18.8 Gev/c. Plotted is the ratio of differential cross sections at O and
100 mrad versus secondary momentum, The solid line is a fit to the data

with a° exp (2p9/ < pt>), using < pg > = 0.55 Gev/c.
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