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United States Government or any agency thereof, or the Regents of the University of
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NUCLEON ISOBAR PRODUCTION IN PROTON—PROTON COLLISIONS
| FROM 3 TO 7 GeV/c |
C d L 'Charles Martin Ankenbrandt
™ B A Lawrence Rediation Laboratory

University of Californiea
Berkeley, California

'ﬂ,

ABSTRACT

A systematic study of the reactions pp = pp and pp r»pN* in the
angular range from Bl b= lO to 6 90 at 3, 4, 5, 6, and 7 GeV/c
is:reported.» A "missing mass" spectrometer detected protons resulting
from,interactions:of the’Bevatron external proton beam in a liquid |
hydrogen target.' The spectroneter consisted of a series of bending
and focusing magnets and a scintillator hodoscope.

Peaks in the missing mass spectra occur at average N* nasses of
1240+6 MeV, 1508+2 MeV, and 1683+3 MeV with average fullrw1dths of
102+4 MeV, 92f3 MeV, and 110+4 MeV respectively. In the nissing mass
region below 2400 MeV noiother significant enhancements'are found;

' CompariSon of the N* roduction cross.sections do/at near 9 = 90o
with the predictions of the statistical model indicates partial success
'of the model, The differential cross sections at fixed energy manifest
exponentlal dependence on v = A-tu/(t + u)], a symmetric function of the
Mandlestam variables. .t and u, which reduces to the squared transverse |
momentum transfer for elastic scattering. The-siopes‘of these eXponent-
s ¥ v lals vary systematically with energy in a way that depends on the
-particular reaction under consideration; but all these slopes tend toward

“ . ' the same value (vo =~ 0.k GeVE) at the upper limit of our energy range.



I, INTRODUCTION

Pion-nucleon eross sections:nanifest‘conSidefebie.strucfure'
aS'functions of energy. Flgure l»(adapted'from Chew 22.25;(l>)
illustrates the dependence ef the nip total crOSS'sections.on center-_‘
of-mass energy. The peaks near 1238 1512, and 1688 MeV constituted
early evidence for the existence of pion—nucleon resonant states.

Such resonances, since they are formed by strong interactions between
plons (baryon number B = o, strangeness S =0, isospin I = 1) and |

| nueleons (B=1, 8 = 0, I=1/2), must be nonstrange baryons of isospin
- 1/2 or 3/2, They are s5‘hetimes called nucleon isobars and denoted

by the symbol N¥*, .

* The n*p total cross sections reveal some of-the properties_ef
these resonant staﬁes. .Avresonance of isospin I produces a peak in
the cerfesponding ecross section sI'fOr that isospin state. These
1sospin cross seetions can be calculated‘from‘the measured total

cross sections vie Clebsch-Gordan coefficients, resulting in the

. relations . '
g =0 :

3/20 o " 1/26 +p' (2)

and

The location and full width of a peak in c yield the mass and width
of a well-resolved isobar. The nucleon isobar spectrum implied by
_this simple interpretation of the stiuctufe'is”presented in Table 1 a,
which 1s &dapted from the 1963 compilation of Barkas g_g a_l (2),

The discovery'of these peaks motivatedan extensive experimental
effor%bby many groups to acquire more detailed data;en the pilon-nucleon

interaction., Differential elastic cross sections, charge exehange ann'



._.2_

polarization déte as weil as ineiestic-cross éections and éhotoproduction
cross sectlons havevneen neasured in the neighbbrhoed of the peaks.
Subsequent phase—shift'analyses(3-7) of this wealth of data indicate
that the peaks near 1512 and 1688 MeV are probably superpositlons of
several resonances, The current -1sobar spectrum incorporating these
developments 1is presented in Table 1lb, adapted from the nostvrecent
eompilation of Rosenfeld gg.gi.(s)

As this work on the pion-nucieon.sysﬁem proceeded, a related
phenomenon was discovered in protonfproton interactipns,: Peake were
'obeerved in thevmiseing mass spectfa of'particles produced.along wilth
pretons in inelastiec proton?proton collision.(g—la)‘ Interpretation of
these peaks as evidence for the reacfion |

| P+ DD+ N - (3)
was confirmed by the agreement of the calculated N* nassee with the>
masses at the pilon-nucleon peaks. Applicatien to ieactien (3) of
thevdiscrete eonservation laws yielva; quantum numbers which are

1dentical to those of the xN system. |

Two types of information are avallable from studies of reaction (3).

- First, one can examine the intrinsic properties of. the isobar spectrum;
in particular, one can measure mass and width parameters of known
resonances and search for evidence of new ones. Second, one can study
the production properties of the varlous isobaré; in this manner
various models of the reaction can be tested and further understnnding
of the fundamental4proton—proton interaction can be acquired.
Investigations ef this reaction by several gfoups'using counter

and spark chamber techniques have provided extensive data on nucleon



isobar prodﬁctioﬁ at low momentum tréﬁsfgrs. fhe main features of
the data are the following: |
(1) A new»enhanéeﬁent near 1410 MeV has been observed.(lg-l6)
(2) The higher-mass resonances abéve l68§1are not copiously:
produéed.at presentiy évgilable energies.(lo’ 11, 13, 15, 16)
(3) The total production cross sections at highienergy are roughly
éonstant'for the T = 1/2 isobars but fall with lncreasing
energy for the T = 3/2 N*(1238);(15) The N*(1238) and
N*(1512) cross sections manifest peaks above their production
thresholds.(l6) . |
_(h) The slopes of the differentiél production cross éections
— Vs, t'aﬁ low”ﬁomentum transfervare comparable to that of
the elastic,(12» 155 16) | |

In contrast to this'fairly complete experimental pleture of N¥

. production in low-momentum-transfer prbtbn-proton collisions, the

information at medium and high momentum transfers is very scantys

(l.l., ll"‘, 15) The goal of the

iny a few lsolated daté poinﬁs exist,
experiment reported herein was a systematic survey of N¥ prodgction in
this latter rangé of momentum trahsfers. Such information helps to dis-
criminate among the various‘possible_interprététions of the.proton~pfoton
elastic scattering data in thié momentum—t;énsfér region. in particular

the relative N* production cross sections provide a direct test of the

basic statistical model assumption that various final states are

- produced according to thelr intrinsic statistical weightsj and the depen~

dence of the data on transverse momentum transfer serves to define the

reglon 6f validity of empirical formulae such as that of Orear.(l7’ 18)



II. - EXPERIMENTAL METHOD AND APPARATUS

A. Introduction

Resonaﬁces, i.e., unstable particles which décay via sﬁrong
interactions; have lifetimeé 80 short:that their_trajectorieslgannot be
measured directly. The evidence for their formgtion or production 1in a
given type of reaction must then necessarily be indirect. ‘Ohe of the

'shmplest ways to deduce theilr presence is by observing the_ﬁeaks they-
produce in invariant mass spectra. The_ peeks in pi‘on-n‘ucleonl total
croés.sections furnish a familiar{example; here the total center—of—v
mass energy is the invariant mass of the pionbnucieon syétem, and its
value at a peak gives the mass of the porresponding resdnance. Alter—
natively, mass spectra caﬁ be obtained indirectly by application of the

conservation laws of energy and momentum. For a reactlion of the form

m, +m, - m3 +my - : . (%)

involving particles or particle systems of invariant mess m,, total

energy Ei’ and momentum _ﬁi, the conservation laws take the form

=
+
3
l

Lt B Byt E | (5)

and

—> -

Py * Py =Pyt R

Then m), is given by



In the ladb s&stem where particle 2, the target; is at.rest,(this reduces
to - |
2 2 2

2 . o o
m = m - my” o mg A+'2 [plp3cose3,— (B, + m.z)(E3 —fmz)], o (8)

~ where 93 is the lab angle bétween'ﬁi and 33. ‘Thus for‘ajkinematically

~well—-defined initial state, measurement of the momentum and angle of

| part;clé 3, together &ith a knowlédge ofvits mass‘m3,fsuffices to
determine m, , thg’"missing mass". The discrete conservation laws allow
' Qne to deduge adqitiogal properﬁies Qf ﬁarticle mh, for example its
bﬁryon nﬁmbe?,:étrangeness, charge; and sometimes its iéospin. The
present eﬁpefimént was basedvqn thiéAidea; such expéfimenté Are'some_
"timeé called missing mass éxpefiménts..

The apparatus to be described in this section was used to study
several quasi—two-body reactions of type (4). Besides the nucleon isobar

* v v ' e
production reaction p + p » p + N , which is the subject of this thesis,

-the following reactions were observed: v | *

. | ,
p.tp-n +d o | (9)
p+p-—-xn +X o . _ (lO)
' + | ,
p+p-K +(ap) (11)
p+p-p+tp o (12)
p+pod+x (13)
p+d-pt+d L o C (1)

prNMepsNm. (1)



Here X re?resents a system of particles and (N) s a spectator nucleon
in the deuteron. A description of the appnratus has been publishéd(lg);
the present account is included here for completeness, |

Figure 2 1s a schematic diagram of the complete experimental
arrangement, The setup.c&n be called a missing mass spectrometer since
it provided for the determination of the kinematic quantities which_are.
required in order to calculate m, vie formula (8). A general under-
standing of the system can be galned ny considering how tnese quantities
were meaSured.

The incident beam was the external proton beam (EPB) of the Bevatron.
,'Its energy was maintained at a preselected value by monitoring the
‘Bevatron magnetic fleld. A target filled with liquid hydrogen or liquid
deuterium was used. |

The scattered beam was bent by bending magnets Bi‘and focused by
quadrupoles Q to a detection system consisting of scintillators and
gas Cerenkov counters. The vertical bending magnets Bh 6 provided -
momentum analysis in a vertical plane, allowing p3 to be determined
For a given momentum p3, the scattering angle 03 was determined by the
horizontal coordinste of the particle at the image plane. The Cerenkov
- counters were used when necessary to select the particle m3 of interest.

The primary design goals of the spectrometer were threefold: good
statistics, good missingYmass resolution, and reduction of certain
systematic errors to wﬁich the missing mass method is susceptible; Tne
remainder of this sectlon 1s devoted to a more detailed discussion of

the spectrometer.design and the experimental methods,




" elsewhere

B. Incident Beam and Target

The target for this experiment‘was located at the second focus
of the EPB., Tﬁe optics and geometry of ﬁhe'EPB have been described
(20>. Vertically ﬁhé beam was foéused to a poinf_ét the target
and horizontally it was parallel. As will be seen later, errors in -

the horizontal direction of the incident beam directly affect the meés—

~urement of the scattering angle 93. The horizontal angular spread of

the beam &t‘the target'was estimaﬁed to be + 0.5 mr, The direction
of the beam was_continuously monitqred downstream of the target. by |
left-right scihtillators whoée outpﬁt was-displdyed on an oscilloscope
in the electronics area, | |

The vertical loéation and spot size of the bea@ affect the

accuracy and precision of measurement of the scattered momentum p3,

: The location of the beam was checked periodically between runs by
- remotely viewlng a-scintillator which could be positioned behind cur
| target. The méximum verticalrséot siie at thé targeﬁ was aﬁout 0.2
' in;j this was demagnified by about a factor of £W6 in the spectrometer

image plane,

. The average béam intensity was of the order of lollprotons pei
pulse, with a fepetition rate of about 11 pulses per minute. Ihe spill
lengﬁh averaged about 500 ms during Bevatron‘"flatfop" with little radio
frequency structure. The intensity was monitored by an ionization cham-
ber located 6,5 ft. downstream_of the ﬁarget. In our early running
at 7 Gef:?c,'thé ibn chamber was‘fgrther downstreamj the greater 5eam

width at this point affected the reproducibllity of the ion chamber



readings; An estimated error of & lO% is_epnlied to these data. For
most. of the running, a chamber which ned been directly‘calibrated during
&8 previous experimengz was used. Another ion chember. which was used
briefly during the experiment was calibrated against a group of lonization
chambers and secondary emission monitors located along the external beam.
The charge collected by the ion chamber is proportional to the integrated
beam flux. The capacitor voltage indueed by this charge was converted
by an analog;to—digitai converter (ADC) and automatically recorded after
'each pulse. | B |

It was importent to know the besm momentum and keep it constant for
a8 set of runs. Thie wes accomplished.by gating eur’scaiers on when the
Eevatron magnetic fleld fell wtthin two preselected values. The field
was measured by integrating_the current induced in a current loop around
the Bevetron by the cheanging magnetic field. This gate is thus called
the "f‘édt gate", the renge of values accepted was usually % 0.2%, which
matched ouf resolution in scattered momentum. |

A portion of the data was taken with another exnerimenter 's target |
at the first focus of the EPB; for the N running, the main effect of |
this target was a slight deterioration of our missing mess resolution.

Our target was a liquid hydrogen/deuterium target of conventional
cr&ogenic design. The flask was a cylinder 4 inches in diameter and 12
 inches in length along the beem direction. The sides of the flask were
ofvmylar with etainlees steelvend domes of 3.5 inch radius. The beam

spot was about 2 inches wide horizontally at the target and about 0.2

inches high.



‘ The material in the incident and scattered beam at the target

was the minimum consistent with cryogenic and qafety requirements.

vThin mylar and aluminum windows in the vacuum Jacket surrounding

the flask allowed for the entry and exit of particles. ‘The "target
empty" background (with H2 gas near atmospheric pressure in the flask)
was about 5% of the target full rate. The scattered partilcles

: 2
traversed a total of 0.2 gm/cm of aluminum and mylar in leaving the

target.

. C. Spectrometer

Figure 2 shows the laycut of the scattered beam. See also Table

" 2 for detailed characteristics of the spectrometer magnets.

Bl and B2 are uniform-field "c" magnets which were movable to

change the_production angle 63 between the limits of lO ‘and 70-. |
The magnet positions for these extreme angles are indicated in the flgure.
The movement of Bl and B2 was accomplished in a novel manner. Each
magnet rested on'four'air pads. The magnets"could beAraised slightly

above a steel plate by alr pressure applied_to the pads (30 psi at

a total flow of 100 ft3/min NTP). A small remotelyhcontrolled motor

_ then moved the magnets horizontally. Guide rails assured the proper

relative alignment of the magnets; the posltion along the'rails was
remotely digitized. Bellows-type plastic bags moving with thevmagnets_:
were f1lled wilth helium to reduce the scattering along the beam path.
When necessary, a concrete block was moved into position_behind'B2 to

shield the fixed channel from particles coming directly from the target.



- 10 -

The remalnder of the magnets defined a fixed channel at.an’angle
of 14° to thg incident beam._ The function»of B3, a uniform~field
"H" magnet, was to direct the séatteredgparticles down the fixed channel.
A vacuum pipe occupied the fixed portion of the beam path;_fromvB3 to B6°
Ql and Q2 constitute a quadrupole déublet with a Circular aperture
Of 7.75 inch diameter; Qi focﬁsed the beam horizontally and szfocused
vertically. The quadrupolé field gradients were chésen go that in
the horizdntal'piane part;cles prdducéd at a given angle 93, from any
point on thevtarget, were focused to a point in the image plane -
("parallelfto;péint" focusiné); in the vertical plane an image of
the beam spot at tﬁe target was formed in fhe.image plané ("point-to-
point" focusing).
Magnets B, B5’ Bg are identical myn magneté whiéh‘produced
a total vertical deflection of 150 for a central-momentum pqrticle.
.Particles"of different momenta were deflected through different
angles and thus separated verﬁically in the imége plane., All the bend~
ing magnets were shimmed to provide,ﬁagnetic fleld path integrals uniform
to 0.1% over the apertures.
| The heart of the particlé detecﬁionisystem was & 28-eleﬁent
seintillator hodoscope mounted perﬁendicular to the scattered beam
at the image pldne; Each element had a sensitive area 6.75 in. by

0.25 in. and a'thickness of 0.5 in. in the beam direction. Figure 3

shows details of the hodoscope construction.




D. Kinematlc Relations at the Hodoscope

The optical pfopefties'of the spectrometer aré 11llustrated
by thé ray diagrams of.Figure 4, 1In discussing these properties,
we will momeﬁtarily neglect chromatlc aberrations for simplicity. In‘
this approximation; the optlcal propertles are such that the momentum
and angle of a scattered particle are uniquely determined by the
coordinates of 1ts intersection with the hodoscope.

Iet us define a Cartesian coordinate system in the plane of the
hodoscope as éhowﬁ in Figure 5. (The reason for the rotation of
the hodoséope In the flgure will be expléined shoftly;)'HThe horizontal
x-axis pqints in the direction of‘inéreasing,GB; the y-axis 1s normal
to the scattered béam direction and 1s thus difecfed upwaxrd at‘a lSo ’
angle with the vertical. | .

" In a vertical plane, an image of the target 1s produced at the
hodoscope° The vertical coordinate thus depéﬁds only on the momentum
of»the particle, through the relatlon p = eBp, For small deviations
of the momentum p3 from its falue P, at the center of the hodoscope,

we may write

y=0D (16)

o1

where D (= 59.2 in,) is defined as the dispersion at the hodoscope and

Ap = Py = Do

In the horlzontal direction, let Sh represent the angle between
the Iincldent beam direction and the trajectory of a particle as 1@
enters the quadrupole. Since the hodoscope lies at the focus of the

optical system and the incldent beam is parallel, the horizontal

displacement at the hodoscope 1s given by
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x= £ Aeh, N o | - (17)

where fh is the horizontal focal length and Aeh 'is the deviation of
the trajectory from the central ray of angle th{

20, =0 = .
eh eh ehc

The focal length £ 1s 612 in, when 93 = 0 = 14° and depends

(18)

he

slightly on 93

The uniform-field magnets B,, B,, B, provide nc horizontal focus-

1’ 2”73
ing but merely bend the beam through angles of 9, ¢l, and Qg respective-
ly. Thus the angle eh 1s related to the producbion angle-e3 by the.
equation
0 = 20_( ¢ (p.). |
| p= 83+ l(p3) + 2(p3) o (19)
Combining equations (17), (18), and (19) leads to the result that

- f | ) N - ;
x = £, [93 + 20 (ps) + 2(p3) 8.1 (20)
Alternatively, equations (17) and (19) lead to the relation
- 26 ) iy | ' 2
where A63 measures the variation of 63 from its centrai value 930.
Equations (16) and (20) are the desired results relating 63 and pg

to the x -y coordinates on the hodoscope,
The variation of missing mass over the hodoscope 1s then calculable,
.For fixed incident momentum one has
, .
. = = 22
M," (s Pg» 93) (p3, 03) = Mh (s ¥). (22)
The variations in p3 and 63 over the hodoscope are small so that

to good approximation

d

g



. where b is arbitrary and

. ' M, 2
2 2 i
M), (p3'.’ 63> - M, (p3c 3c @ AP * (5 3_>A63 .(23)

= M)-L (P3c 3c) + % <5——> y<5———- (29

The missing mass is therefore constant along a line y = mx + b,'

( )/<zr—) ( .  (25)
In this experiment the hodoscope was rotated by remote control
through an angle ® to align the elements with these lines of constant
missing mass (see Figure 5)., In our (lefthanded) coordinate system,
the angle‘ﬁ 1s determined by _ ' v
- 1 ox\. ' o
cot b= - o= - 5——) _ . (26)
To evaluate ® in terms of production kinematicsvand spectrometer
parameters, consider the displacements at the hodoscope produced

by small variations, at fixed Mh’ of 93 and p3 from their central

values. Equations (16) and (21) yield

£, (80, + 280, +A<I>)

. (2

<a“> R E7ON . (2D
Using the small-angle relation

‘ AD JAY . ‘ .

for the bending angles and the kinematlc relation between 93 and p3
at fixed M, _ |
663- o L :
== ) . 2
('55—') AP3: A . o (29)
¥y S

n
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Qe find that
. £, | 893 . | ' ”
cot 5 = —-5 2@ + @ - p3<5-§?3-> . o <3O) : . ;’;‘
Mh : .

When the hodoscope 1s oriented at the proper ahgle 8, each element
subtends an integval in 93 of the order of 10 mr (dependent on the
spectrometer settings) without a correéponding deterioration of missing
mass resolutlion. |

The range of masses A(Mhz) which a single hodoscdpe elehent‘
accepts 1s determined by the rate of change of missing mass in the
nqrmal dlrection Ei Explicltly we have

an 2

'(Mh Y = w = ,EPlPS(W/fh) s;n 93 cse B (31)
| | | 2
for a detector of width w(.25 in.). Some typlcal values of oy, = A(Mu )/2MM

are shown in Figure 6.

E. Measuremeht Accuracy and Pfecision

Equation (8) indicates.that systematic errors in Pys P3» and 93
can be serious in an experiment of this type because Mh depends
sensitiveiy on these quantities. For example, (BMM/393) is
- -8.14 MeV/mr for the elastic peak at T GeV/c and 10°. Systematic
errors in p 3 p3, and 63 can be located and corrected by using the
elastic and pp — « d peaks as callbration points for the mass scale. o
In calculatlng this correctlion it is desirable to separate the fandom
errors from the systematic ones; Details of the method are déscribed

in Appendix A.
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The mailn sources of resolution loss in this apparatus are the

following: (a) spread in momentum, horizontal direction, and

vertical position of the incident beam, (b) multiple Coulomb scatter-
ing ofvthe scattered beam, end (o) chromatic aberrations in the spectro-
meter optics. The chmomatic aberratioms are large at the top and bottom
of the hodoscope because of the large momentum acceptance (ég ~ + 6%)

of the spectrometer. The image moves downstream about 43 in. for a

Ap

FeE of + 6%, which implies a spot size of about O. 87 in. diameter at

the edges of the hodoscope. The resolution at the center of the
hodoscope, where chromatic effects are absent, can be calculated
from an incoherent sum of the estimated effects of (a) and (b)‘
ebove, That the resolution 1s approximately as expected can be verified 7
by comparison of the observed and calculated wldths of “the proton~proton
eiastic scettering peak. _Usually the peak is largely confined to a

single hodoscope element as expected. The comparison is carried out‘

in Section III B.

A principal advantage of tme.hodosoope lies in its abllity to acc-
umulate data simultaneouely over en entire peak. This greatly facili-
tates the identification of small peaks on a largeibackground.

Previous experienc( Y ehowed that'the altefnative method of using a
single counter to take consecutive points in the neighborhood of a
peak is plagued by difficulties involving temporal fluctuations in
incident beam position and direction, spectrometer magnet currents,
background levels, etc. In this experiment such errors lead‘principally

t0 occasional mismatches between the data from adjacent runs.
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F. Detectors and Fast Electronics

N

The detection system for this.experiment consisted in geﬁeral' - ¥
of a scintillator and Cerenkov counter telescope which identified
particles'of the desired type in thé scattered beam, Cdincidences_
between the telescope oﬁtput and the hodoscope elemgnts were reéorded
on 10 Mc/sec scalers, The gooa tempbra; resolutioﬁ qf fhe scintlllation
and Cerenko& counteré ahd their remoteness from the target'enabled us
to use theAhigh Intensity of ﬁhe EPB to advantage in obtaining good
statistics in reasonable running‘times."For detecting protons the
Cerenkov countersbweré ﬁof-used because fejection of n+ énd K+_
was deemed unﬁéceséary; Justification fo:_this approximetion is givén,
in Section.IiI A. When not invuse, Cefenkov counters Ci and Cé were
lowered out of the scattered beam.' |

To detect protons, wé used two scintil;ators Sé and S3 in coincidence.
with the hodoscope., In addltion, an anticoincidence counter A was used
torreduce Sackground in the hodoséope 1light pipes. The orientation
of these“scintillaﬁors 1s shown in Figuré 7. 83 defined a 6.75 in.
effective length for each hodgscope element 82 was slightly
larger. Ihe'counter dimeﬁsidns are given in Table 3.

S5, 83, and K.were viewed by RCA 68104 photomultipliers (two for A).
For the hodoscope detectors, we used the smaller 1P21 photomultiplier
.tubes because of-space limitationé. '

Thevfast electfonics was assembled from Chronetics modular
diserimlnators, coincidence circuits énd fanouts in conjunction with_
standard LRL iO Mc/sec scalers.‘ A block diagram of the fast electronics'

is shown in Figure 8. Not shown is an adder circuit %y which the
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hodoscope outputsrwere summed électronically and recorded on a scaler .
called the E' scaler.. The E and E' scalers thus‘recorded the Qhaﬁnel~
trigger rate and the eiectronicélly‘added hodoscopé counting  rate
fespectively. The E! éircuit had the desirable property éf recording
only bne count when two oi more hodoscope elements fired within the
resolving time (~20 ns) of the E' circuitry. It thereby generates

e correction to the hodoscope output,data; see Section IIT A for a

’ description of this correction.

ThevE end E' scalers were 6-decade scalers, whereas the hodoscope
scalers weré 3-decade'écalers. The 11m1t of 103 per pulsé‘on the
hodoscope cdunters bccaéionallyled to overfldw prdblehs, particularly
ét the elastic peak‘whexe thé,incident beam intensity often had to
be -decreased. In case oflan‘overflow,'the’mast'significant digit was
lost but the flrst three digits were correct. Since the data fof each:
bulse-were recorded separﬁtely5 occasional éverflows could be identified
and'either‘corrgcted or eliminated by .comparing the sum of the hodoscope

counts with the E and E! counts or by checking the smoothness of the data.

G. Data Acquisitlion and Storage

A block diagram of the informatioh-héndling‘systemvis shown in
Flgure 9, The heart of thg system was an on-line PDP-5 computer. |
This émall computer, manufactured by the Digital Eéuipment Corporation,
is chafacterized by a_leit,;ho96-worq core memory with a 6713ec‘cycle
time. The iapid rate of data accumulation necessitated-theruse of
a computer both tQ store the data and to monitor the progress of the

experiment and the performance of the equipment,
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'Thé experiment wasrdivided into runs with constant settings of
all the variable parameters. of the apparatus, The N* rﬁns‘were.
typlcally éf a few minutes; duration. At the start of each run, the
movable magnet position and BMB5B6 magnet current.were read into
the computer via an analogue-tb-digital converter, Thesé determined :
the angle 93 and momentum p3 Which were also recorded in the log
book. After each Bevatron pulse, 30 scalers (Hl-28’ E, and E')
were read and reset by the computer, as was the ion chamber output
integrator (incident beam intensity). The information fromveach
pulse was written on magnetic tape, then added to the previous daﬁa
- in the cémputer..

Operator interventién and control was accom?lished by Teletype
communicaﬁion and by a set of 2it switches ("switch register") through
which various options (e.é. start run, end rﬁn) could be exercised.

A display oscilloscope provided the.main on-line feedback of
data to the experihenters. Histograms of the hodoscope data, either
cumulative or pulse-by-pulse, could be displayed. In this way an
almost continucus record of the progress of a run was available.

At the end of a run, a Polaroid photograph of a parallel oscilloscope
was taken for the log book, and the accumulated data were typed out

on the Teletype and written on the magnetic tape.
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TTI. REDUCTION AND CORRECTION OF THE DATA

A. Anaylsis of Individual Runs

1. Differential Cross Section Formula

The basic results of thls experiment are missing mass spectré
for variogé fixed incident momenta and lab angles. These spéctra
také the form of dbubly—differential cfoss sectiéns (ded/dMugdt)
as fﬁnctions of Pys 93, and MM' Thé cross sections are given in terms

of experimentally determined quantitles by the formula

) ‘
2 N ' M Q »
d o s 1 L L .
2 (g 0, ) = g sy T () (3@
Ay, dt VA A O JA\ M, t
" where  N_ = No. Qf protons scattered into lab solid angle AQL with

S N

2
squared missing mass in the range AM“ ,
N, = No. of incident protons,

n, = Target thickness in protons pef unlt area,

2
Mh s QL :
J("“?T"") = Jacobian transformation from lab solld angle QL to

M‘v ’ . .
N invariant L-momentum transfer squared, t. This Jacoblan

1s evaluated in Appendix B.
This section describes the analysis and correctlons necessary
to deduce these cross sections from the raw dete via equation (32).

2. Combination gf Data into Runs

The first step 1s to combine the counting data from a gset of
Bevatron pulses into composite results for a rﬁn° These data consist
of 30 scaler readings (Hl—28’ E, E'), andithe voltage V of the ilon
chamber output intergrator (0 =v =10 volts). In combining'the data,

scaler overflows are discovered and, if possible, corrected; also ‘V
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self—consisténcy‘of the pulse data is checked;- A pulse is eliminated
if 1t contailns an unrecoveraﬁle scalef overfiow, 1f 1t is obvious;y
inconsistent with the other pulses, or 1f V ié outside the range

0.5 vo £V S 9.5 v. Each of these requirements eliminates abouf

5% of the pulses. The combined data yleld Ns and Ni in equation

(32) for a set of 28 adjacent mass Intervals. N, is determined by

1
the relation

| N, = SCV, o (33)
in which S 1is the sensitivity of the lon chamber in protons per
microcoulomb and C is the'charge-céllecting capacitanée.

3. 'Kineﬁatics | | |

The next step 1s to calculate, for eachxhodoscope elemenﬁ,iﬁhe
kinematicvquantities‘ﬁhich_enter'equation (32) as independent
varlables and as factors in the cross section. As was indicated in
Section IT D, the kinematic quantities are détermined.everywhere on
the hodoscope by their values at the center of‘the hodoscope and by
the optical propérties of the spectfometep; The aétual reéonstruction
and correction of the kinematics on the hodoscope proceeds as follows.‘

In preparation‘for the experimeﬁt, an IBM TO9% computer piogram
éalculated kinematic quantities and the corresponding spectometer
settings (magnet currents, angle 9, and movable magnet positiqn) for
sets of runs at constant pl and 93; the runs comprising a set cover
overlapplng intervals in Mﬁ so as to define =a completé missing mass
spectrum. Included in each set are runs centered.at'938, 1238, 1512,
and 1688 MeV, the loCations_of elastic and isobar peaks. The nominal

values of Pys 93, and Mu associated with each run were entered in the

log book.
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During tne course .of the experiment, systematic-errorsbin the
positions of elastic peaks were observed. ‘Subsequent measurements
of the spectrometer geometry and the total msgnetic field path
'integral through.BuB5B6 indicated ﬁ@ight ( <1%) deviations from
nominal uelues.‘ In addition tnere were systematic effects of tne
following types: errors of the order of 1% in celculating Py
from the integrated Bevatron‘field, errors of the same order in deter-
mining p3 at the center_of'the hodoscope, and uncertainties of the
order of a few mr in determining 93 from the channel angle 9 andvthe '
horizontal bending angles. Correctlons for these effects are made
in two steps as follows.' First the known corrections to the spectro?
meter geometry and magnet excitation curves are used in conjunctionA'
with the actual magnet currents (as determined from the nominal
kinematics) to calculate corrected kinematics.. Then further
~corrections to Pl’ p3;vand 93 are determined empirically via a least
squares fitting procedure which uses as input the observed positions of
the elastic peak and the pilon peak from pp - x d. Details of the fitting
procedure are described in Appendix A, Histograms of observed pesk
messes before and after the latter correction are shown in Figure 10.
 The spread in mass remaining after the fitting correction is attributed
to random errors. | N

The kinematic variables at any point on the hodoscope are then

determined from the corrected central p3, 93,-and‘MLL by the methods

of Section II D.
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4.  Leboratory Solid Angle

A numerical calculation of the laboratory solid angle subtended
by each hodoscope element for each run was performed on the CDC 6600 . v
computer, The method is based on ray-tracing of extreme rays, with ' >
matrix representation of the spectrometer elements. Details of
this calcﬁlation are given in Abpendix C.
The solid angle 1is typieally about lo—u-steradians. The "illumin-
ation" on the hodoscope is almost uniform vertically but decreases by
about a factor of two from center to edge horizontally. Thus the éolid
angle 1s about the same for_each hodoscope element unless the angle d
is la;ge. The dependencexof AQ qn’laboraﬁory angle 63 is iliustrated
in Figﬁre 11, in which the quantity AQAp/p'iS'plotted for a central
hodoscope element. The minimum near 14° is caused by ﬁhe lack of
vertical fécusing in magnets Bl and B2 gt that angle;

5. Counting Corrections

The folléwihg three effects muét be examined as possible sources
of background in our proton spectra: -

(a) éounts in two or more hodoscope elements cauéed by & single

scattered particle ("double counté"),

(b) interactions on material other than hydrogen at the target,
and (c) detection of particles other than protons.
In this section these effects are considered in turn.

The presence of a significant number of-double,cbunts in our
apparatus 1s indicated empirically by the fact that the sum of the
hodoscope counts consistently'exceeds the number in E'!' by about 8%, As

pointed out previously (Section II F), this excess is a measure of the
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number ef times when two or more'hodoseope counts occurred within the
resolv1ng tlme of the E' circuitry: E' is used for this test rather
than E (the total channel flux) because the channel counters

are vertically slightlyylarger than the hodoscope. Indeed, E usually
exceeds E’ by 1% to 4% for this reason. |

Accidental coinc1dences between two beem partlcles do not
account for a significant part_of this excessj this is 1ndlcated by
direct estimates of the accidental rate and verified by the fact that
the excess is approximately independent of the scattered beam flux.

In fact, estimates 1ndlcate that the following effects account
for most of the excessi. passage of a single particle through two
hodoscope elements (~f0;5%), interactions of scattered-beam particleé
iﬁ 32 and iﬁ;the hodoscope (~-2%), and production of delta raye in
S, end in the hodoscope (~ L4%). Since these effects usually produce
spurioue counts closeAto the original particie path, thereby preserving

the shape of the spectrum, the correction is made by dividing the

data by the observed ratio..of ZH{ to E' for each run.

Regarding the background from the target walls, the counting rate
with target empty was found to be about{5%>of the target full rate fer‘
a representative small sample of fgns. Sinee this background 1is caused
by scattering from composite nuclei, 1t does not show the structure
inherent in the proton-proton spectra. Care must thus be taken that the

method of subtrection of this background does not affect the size of

"the peaks. The correction is‘accomplished by fitting the spectra with

a polynomial plus peaks and subtracting 5% of the polynomial from the

datea.
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With respect to.the background from particies other than protons,
uit has already been mentioned that no atte@pt was made to reject -such
pafticles electronically. This background has begn neglected in the
analysis of the data because the effect is small compared to the other
corrections and contributes a smooth background (éxcépt for the smail
. PP —>n+d peak) besides, it isldifficult to estimaté the magnitude of
the background accurately. Ordinarily one expeété that pions would
constitute a significant background, with kabns and deuterons produced
much ‘less copiously. In our case, however; the proton spectra of"
intereét lie near the kinematic limit of pion production, so that
| plon background is either kinemétically impoééible or strongly suppressed
by the small phase space évailable. ‘A similar argumenf applies.to the |
kéon background. Fiéure'lE shows where the pilon kinematic 1limit océurs
in terms of N* missing mass:for the kinematic conditions of this
expériment¢ Since thé N* miSsing mass 1s below 2QOO MeV forbalmost all
of our data, the above argument is Justified. Thié conclusion is
verified by a few direct ﬁéésprements of the pion background which

were made in the course of the experiment.

[

. B. Analysils of Elastic Data

our déta on elastic proton-proton scattering providé-valuable
checks of our absolute normalization, missing mass resdlution, and
kinématic measurement accuracy. fﬁe ﬁse of the peak positiéns to gen-
erate a correction to the kinematics.has already been outlined. Tﬁis
éection describes how elastic cross sections and resolution estimates

are obtained from the elastic peaks.



»Figufe 13 shows a typlcal set of rugé teken at the elastic
peak., In order to determine the number of cOunfs in each peak,
a small:émooth'background must be subtracted; to check the resolution
at the center of the‘hodoécope,‘the true intensity distribution
normal to the hodoécope elements (before "binning" into hodoscope
elements) should be estimated. -Both of thesg purposes are achieved,
in a manner similar to our subsequent analysis of the inelastié
spectra, by the foilowing procedure.

It 1s aésumed'that the true peak intensity distribution is a
Géussian in MH’ centered at MO and of width T. The background is

répresented by a polynomial P(M&)' - With these assumptions the number

" of counts in hodoscope element.? centered at Mui‘and df_mass width Ai

is given by
A
M, + i/2

B ~ 2 , .2 ‘_
y_f = P(MM) + Aﬁ[;xg fxi)z(le - Mo) / ar] aM, . (34)

This function.is fitted to the meésured data by a least-squares fitting .
program with A, Mo’ I'y and the polynomial coefficients as variable
parameters, The order of the bblynomial 1s adjusted to obtain the

best fit. Then T' is the observed resolﬁtion atrthé élasticvpeak,‘

and the gumbervof elastically scattered protons 1s obtained by subtract-
ingAﬁhe polyﬁomial'ffom the data in the neighborhood of the peak.

The prbton—proton elastic differential crOSS‘sections resulting
from tﬁis expérimenﬁ areApresented in Fig. 14 and Table Lk, The
uncertalnties given are compoﬁnded from s%atisticai errors, uncertaintieé
resulting from random errprs in the kinematic variables (in¢luding t),

and, when applicabie at_? GeV/c, the aforementioned random errors of
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10% in the incident beam inténsity (cf. Section IT B). The errors
given do not include the estimated error of 7% in the absolute
normalization. |
In Figure ;5 our elastic cross sections at 3, 5, and 7 GeV/c are Y
compared with the results of Clyde<21) at corresponding momenta. The
agreement 1ls sufficiently good to give confidencg in our normalization.
Quantitative interpretation of our elastic cross sections is postponed
to Section V for compafiSon with the’ inelastic results.‘
The observed elaétic péak widths are compared with our estimated
resolution in Fig. 16. The full widths at half-maximum are shown.
‘There_is some disagreement, but‘ﬁhe discrepancies are ﬁot serious;
the main contributions to loss of resolution in the ilnelastic spectra
usually come from chromatic aberrations end/or from the finite mass

width of a single hodoscope element.

C. Combination of Inelastic‘Runs,into Composlte Mass Spectra

After the analysis of individual runs described in Section IITI A,
the nextlstep in the reduction.of inelastic daté is to combine the
data into composite missing mass spectra at cénétant Py and 93. There
is usually considerable overlepplng of adjacent runs, which provides
another self-consistency cheék.
In combining the data, it is found that the data from the ends of
the hodoscope are consistently in error, presumably because of smgll “
errors in aperture location, nonuniform distribufion of background
on the hodoscope, and similér effects; for this reason data from

hodoscope elements 1 - 4 (at the tdp of the hodoscope) and from



element 28 héve,been rejected,

An additional correction 1s necessary in order io oEtain the mass
spectra at constant angle. This correction to the cross section
compensates for slight_variations.invthe lab éngle over the spectrum.
These variations are éauséd primarily by variétiéns in 63 on tﬁé
hodﬁscopé for a single run (see Section II D) énd secondarily by-élight
changes ig the corrected central 63 from run to run. Although.the'
© variations are small, they contribute a significént'effect because
of the strong depegdence of the.cross section on 93. In particular,v

the systematic variation of 6, over the hodoscope leads to systematic

3
discrgpancieS'in the uncprrected data for the mass regioqs where_runs
overlap. |

The compgnsation for this effeét is accomplished as follows. Let
f(e).be the differentlal crosé:section at constant Py and Mh’ and let
eo bé the nominal angle at which the spectrum is desired. rExpanding

- in a Taylor series to second order about 60, we obtailn
. ) 2
= ! - Tt -
7(8) = £(8.) + £1(8,) (8- 8) +1/2211(8.) (0 - 6)". (35)
The observed créss section g is given by the integral of £(8) over
the detector, whose angular response 1s represented by a normalized
weight function w(6):

[£(8) w() a8 | . (36)
£(8,) + £(8,) [(6 - 6,) w(e) a0 + 1/22"*(e ) (e -8 )7 w(e) as.

g

n

The last two terms constitute the desired correction to the observed
cross section g. .The -derivatives £!'(6) and f£''(8) are obtained

numerically‘from the angular dependence of our data at fixed pl and
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M 3 the integrals are evaluated as a "by—pgoduct" of our compﬁter program
for calculating solld angles. Thié correction is of course greatest

at our smallest anglesj its magnitude is always less than 18%, and

the second term is usually small compared to thé fifst, except when

the filrst defivative vanishes. The uncertainty‘in the correction is
estimated to be f'20% of 1ts magnitude. The importance of the

correction 1s illustrated in Fig. 17, in which a spectrum at small

angle 1s shown before and after the correction is applied.
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IV. RESULTS .

A, Mass Spectra

iIn the early stages of this experiment, we'measnred a few
vspectra of protons from the N* production reaction (3) up to high
missing masses. The results of this exploratory survey are shown
in Fig. 18. Ihe absence of pronounced strncture in these spectra
beyond the peak near 1688 MeV led us to confine the remainder of the
experiment to the missing mass region below about 2000 MeV. |

The missing mass spectra measured in this latter mass reglon
at 3, 4, 5, 6, and 7 GeV/c are presented in Figures 19 23,
v respectively, The data of Fig. 18 in this mass 1nterval are repeated
2 for comparison with the other spectra.' Note that data taken at 7.0 BeV/c
and at 7.1 GeV/c are combined in Fig. 23. The errors shown include
statistical errors, which are usually ebout l%,and thebestimated uncer-
tainty in the varilable 93vcorrection, which was discussed in Section
IIT C. |

The solld curve eSSociated with each spectrum is'the nonresonant
background as estimated ty the fitting procedure to be described in
Section v C. - |

Some qualltative observetions on the form of the spectra can be
made. The enhancements near 1512 and 1688 MeV ere strongly exclted
at all our angles for all incident momenta except 3 GeV/c.. The
1238 MeV peak, on the other hand, decreases rapidly as elther the
incident energy or the momentum transfer increases., At our momentumd

transfers, we find no independent evidence for the enhancement near 1410
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MeV which has been observed at lower momentum transfers(12'16)'

Finallg at 3 Gev/c we see the enhancement near the kinématic limit

(11, 16)

that has been attributed to detection of the decay protons

from'N*(lZBS) isobars produced with nucleons.

B. Breit-Wigner Fits

To obtain a quantitative measure of the nucleon isobar effects
in our data, we make least~squares fits to thé spectra, using a
sum ovareit-Wigner resonant forms plus a polynomial representing the

nonresonant background:

2 ' . - H
2% (M) = p(M : -
dedt s )+ Z (M, - Mf) +(r,/2)

=.  (37)

In this equation, Hi’ Mt’

Pi,'and the coéfficienﬁs of the poiynomial
P(M“) are varilable parémeterﬁ; the sum extends over the numbeyéf peaks
in the spectrum. Peaks near 1238, 1512, and 1688 MeV are used provided
thét such peaks are épparent in the dafa. The order of the polynomial
is 1ncreased until a saﬁisfactory fit 1s obtained; in partiéular, that
fit is chosén for which no further signifiéant improvement in chi-sqﬁare
1s obtained by increaéing the order of the polyﬁomial.

We use a_polynbmial,'rather than the more conventional phase
space formula, to represent the background because the composition
of the background i1s sufficilently complex that no simple phase space
form can be expected to represent its shape adequately. For example,
the aforementioned enhancement near threshold at low incident momeqtum

(caused by the decay protons from the N*(1238)) is a well-known back-

ground effect which does not conform to phase space. A polynomial is
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easy to use.and prov1des a rather general smooth functional behavior.
The simplest type of Breit-Wigner resonant form 1s used to fit

the peaks in the spectra, The use of moxre complicated Breit-Wigner

forms 1s not justified because our varying resolution somewhat distorts

the peak shapes and because in any case the peaks near 1512 MeV and

1688 MeV are probably superpositions of several resonances.

The main results of these fits are sets of parameters - mass M, .
full width r, and helght H - which,characterize the peaks. A quantita-
tive study‘of the‘effects of N¥* production on the spectra‘iS'possible :
in terms of these parameters;.

The first step 1s to search for dependence of the mass and/or
the width of a peak on the incident energy OrAthe momentum transfer.
Such shifts couldvarise fmom the dynamics,of the production and decay
of a resonance Or from the superposition of more than one resonance
'at a peak. After unfolding our resolution, no significant dependence
of mass or true width on the kinematics of the production process is
found.

Since we find no such systematic dependence-on the kinematics, we
can determine best valuesAof mass and width for the three peaks by
averaging our results over all,thebsfectra in which a given peak -
occurs. In tne case of the N*(1238), a correction 1s necessary for
the well-known fact that the peak does not occnr at the true mass of
the resonance., A correction of 23 MeV for this effect, as estimated by -
Jackson(zgz'is applied. The average masses and widths are given in

Table 5.
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Somé discussion of the ‘errors in our mass and width determinations
ié neéessary. In the case of the mass, the position of a peak relative
to our missing mass'scale.ié very well detefmined (~-f 3_MéV) by thé |
fitting procedure; the dominant uncertainty arises from random erfprs
in the mass scale itseif. :Thé magnitude of thése errors ls estimated
from the spread in our proton and deuteron mass determinations
(ef. Figures 10(b) and 10(d)) and checked by the self-cohsistency'of
the peak masses'in our various spectra. ‘The error in éhe mean quoted
in Table 5 4s then found in the usual way. For the 1238 MeV peak,
an additional uncertainty of + 5 MeV in the "Jgékson correction" is
assumed. |

Unlike the massAat'akpeak,"fhe width is not determined preciéely
by the fitﬁing progedure. The reason is that‘the polynomial 5ackground»
is too "accommodating": a decrease iﬁ the béckground inbconjunction
with an increase in the height (and simuitaneously the width) of a peék
does not greatly affect thelgoodness of fit. The errors in the widths
as estimated by ﬁhé fitting_procédure are-typiéa;iy about 15 MeV.

These errors are compcunded with the estimated uncertainty in unfolding
our resolution before forming'the welghted averages of Table 5,

.The large and cdrrélated errors 1in the height and width of a peak
would.of course be disastrous for ourvdeterminations of production
cross sections (proportional to height timeé width) from the Bréit-
Wigner parameters. This problem 1s éircumvented in the manner described

in the next part of this section.




C. Differential Cross Sections for N*»Production )

To obtaln feliable préduction ecross sections»frém the data, we make
additional fits in which the true wildths of thé‘peaks are fixed at
thé average values of Table 5. Thils procedure consideiably peduces the
 aforementidned uncertainty in the background polynomial. Equation (37)
is used as before, with M, and H, as variable parameters but with fi
held equal to the expected width as calculated from the averagé width
T and from our iesolution. -

The N* pfoduction cross sections aré given‘by'the area:uﬁder the
corresponding peaks (when the.data.are pioﬁtéd vs. mass squared).
vThese'integrals.are evaluated from thé Breit-Wigner parémeters,of the .
fixed-width fitsy the errors are pfopagated from thé errorbmatrix of
the parameters. The uncertainties in backgrouﬁd subtraction are
taken into account iﬁ'this procedure because such unéertainties are
reflécted in the error matrix._ The quoted results at 7.0 and T.1 GéV/c
include an addiﬁional uncértainty_;rising ffém the random errors in
incident beam intensity described in Section.II B. Uncertainties
in thé ebsolute normalization are not reflected iﬁ the quoted data.

It is estimated that systematic errors in the.incident-beam intensity:
and iﬁvour solid angle calcﬁlation contribute a + 7%'uncertainty and
that errors‘in‘the.aVerage'widths used in our fitting procedure

(ef. Table 5) céuéezan additional + 10% uncerﬁainty in.absolute normal-
ization. | | |

The cross sections are presented in Table 6 and in fig. 2k (a, b, c).
To represent the general trends of the data of Blair_gE!E}QB).at lower

momentum transfers and comparable energies, we have reproduced their fits
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of the form A exp (—Bx)”in Fig. 2k. 1In Fig. 25 (a, 5, c,vd,'e) our data
are'reﬁlotted to facllitate comﬁarison of the varioué N*jsvand
the elastic cross section at fixed incident mo@enta;

Some notewofthy featurés of our cross éections at medium and high
momentum transfers are the following. The isospin 1/2 peaks near
1512 and 1688 MeV show quite similar behavior: both are slowly varying
as functioné of momenﬁum transfer bﬁt decrease_fairly rapidly With
energy; their production éross sections arevsignificantly larger thanv
the elastlc crosé section at 9OOlC.M.' The 1238 MeV resonance
production_cross section ‘is, like the elastic cross ééction,'a some- -
what steeper function of momentum transfer. These observations ére

made more quantitative in the next section.
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' V. DISCUSSION OF RESULTS

A; Comparison withistatistical Model

Tﬁe interpretation of proton-proton elastic cress sections at
high energy is divided naturally info two domains. At iow momentum-
transfer the differential cross section is dominated.by the forward
diffraction peak; which is roughly independent of energy§ at higher momeh-
tum-tranefer, the cross sectlon variee.iess rapidly as a funetion of
momentumetransfer'but_decreases rapidly with increasing energy. Figures
1h and 15 illustrete this behavior. |

’The angular restrictions on oﬁr date allow us to confine our
attention to the high momentum-transfer region. The dependence of‘
ﬁhe elastic data onvenergy and momentum‘transfer in this region suggeéts
e statistical interpretation. The statistical model Succeeds at least
qualitat%vely In accounting for the cheracteristic:features of the
elastic data(23725); buﬁ recent_developments - the absence of.Ericsod
fluctuations(26) and the detalled behavior of the cross seetions at
%m = 900(21’27)— appear to contradict statistical predictions. Several

(24,28,29)

authors have called for a direct test of the basic assumption
that the various final staﬁee of an interaction are produced in proportion
to their respective statistical weights. The results of this experiment
provide such a "pranching ratio" test for the nucleon isobar channels

in the final state of proton-proton interactions. |

»nHagedorn<24) has extended the statistical treatment of proton-proton

elastic scattering to arbitrary two-body procesSes p+p—A +'B near
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scm = 90 at high energy. The application of his results to the process

pp - PN leads to the '"branching ratio" prediction

S . ‘ * + | * * .
do 2 ZJN . ?pN ppN do 8 '
— * = (01 T : v ey E} (3) -
dt , 2 X at
. : PP pp elastic -

Pp - PN pPP

. . . *
where O 1s the Clebsch—Gordan coefficient for projecting the final pN

iéospin state on the pure I = 1 initial state,

JN* = spin of the isobar,

K %= ———3;——v,‘a kinematical factor lnvolving center—

2
*
P EpEN

of-mass quantities in the final state, and

DPN*’= two—body phase space for the_pN* fina} étaté. Note
" that there are no adjustable parameters. There are, however, some
ambiéuities in compafing the predictions with our results, which we
resolve as follows: for the elastic cross section we use measured date
rather than the statistical model prediction of Hagedorn(zq); and we
1aésﬁme that 6nly the isobars listed in Table l(a) contribute to our
observed peaks at 1512 and 1688 MeV.

In Fig.v26 the predictions are éompared with -our observed results
near écm =79OO.‘ The éomparison indicates that the model is at least
partially successful. 'Although the absolute normelization is wrong, the
- energy dependence'of the'cross sections and the'relative amounts of N*(1238),

* *
N (1512), and N (1688) production are epproximately reproduced by the

model.
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The»absence ofvother‘peaks from our'spectre might,be regafded as
weak evidence against the statisﬁical ncdel. The N*(1400) and N*(1920)
afeiin mass reglons where they could be observed in this‘experiment; but
the cross sectidns predicted bjr the stati\stical model aie small. The
N*(1400) 1is suppressed relative to the N*(1512) and N*(l688) by the
‘spin factor and the N¥(1920) is suppressed by the- isospin Clebsch- Gordan
factor. In addition their large widths make.them difficult to locate
ebove background. Thus it would be difficult to rule out the éoséibility

- of production of N*(1400) and N*<1920) is eccordance with the model.

B. Dependence of Cfcss Sections on Momentum Transfer

In 1964, Orear(l7’ 16) noticed an interesting regularity in the
data then avallable on proton—proton scattering at high energy. Both the
energy dependence and the angular distribution (away from the diffraction

peak) could be represented by the simple formula

do

— T2

aQ

7R e

exp (- api), - ,(39)

2 i
with A = 595 + 135 GeV mb/sr end 1/a = 158 + 3 MeV/c., In the formula

we have
: 2 2 2 2
s = (El +p,) =E = (p + Mp )

cm

and .
p = p sin ecm’ the transverse momentum transfer.

The fact that equaticn'(39) approximately reproduces the exponential

dependence on energy of the statistical model at ecm = 900 suggests that
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it might be regarded as an empirical extension of the model.‘ Alternatively,
Wu and Yang<3 ) have speculated on the theoretical intefpretation of
the Orear formula in_terms of an extended internal sfrucﬁure of the proton.
ﬁecently, more preclse data on proton-proton elastic-scattering
have cast doubt on the validity of the Orear formula. The anguiar
distributions of Clyde(gl), Allaby}gg g}.(26>an§ the present experimentb
indicate that the slope parameter, a, of equation (39) 1s not constant -
but depends on energy in the manner indicated in Fig. 27; and the energy
dependence of the data of Akerlof et E&'( 7)at 90 is 1n marked
disagreement with the formula.. The latter authors find that gt is well
represented by the sum of two exponentials in PJ they point out, however, .
that the persistence of this behavior at high energy would violate the
analyticity bound of Cerulus and Martin(3 ) and Kinoshita(3 )
In view of these developments, it seems best to use our data
to search for empirical regularities. First we must choose a snitable
independent variasble. A difficulty in using PL (or ni)-fer inelastic
two-body'processes 1s that 1f we define %L as the final-state trans-
verse momentum, nL is not the same for the inverse process. |
A suitable generalization of pi— is suggested by expressing p?

fr elastic scattering in terms of the Mandelstam variables t and u:

t = (g, = B3)° = -25° (L - cose) (40)

and

= (Bl - Eu)g ;2p2 (1 + cose). : (L1)

o
N
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Thus we have
" 2 2 2 — :
P =7 sin"0 = T | (42)

for elastic proton—proton scattering.
For inelastic processes, the function v = [—tu/(t + u)] retains the

following desirable propertles that éi menifests for elastic scattering:
(l) it 1s symmetric under interchange of the initlal-—state protons,
(2) if takes;the same value for the inverse process,

and (3) it reduces to (;t)‘for small t.i

Furthermore, we find that a function of the form

89 B exp (- v/v) S | Co(3)

usually providés a good fit to our cross séctiqné at fixed energy, as is
shown in Fig. 28-31.

The slopes ofvthese fits vary systematically with energy and‘depend
on the particular réacticn under consideration iﬁ the manner shown in
Fig. 32. An understanding of these variations must awalt a detailed theory.
épplicable at intermedlate energles. But a striking feature of Fig. 32 is
the tendency of all the slopes toward the same value (vo =~ 0.4 GeVZ) at the
upper end of our energy range. This may be & ﬁanifestation of a welcome

trend toward simplicity at high energy.
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APPENDIX A.
EMPIRICAL KINEMATIC CORRECTIONS

Systematic errors in the nissing mass at the elastic and
p+D —>n+ + d peaks persist after all known corrections are applied.
Hence we infer the presence of small unknown systematic errors.in _
determining Py D D3 and 9 Superimposed on these.systematic effects
are smallertrendom errors due to temporal fluctuations in operating
conditions.' We use the observed missing messes‘at the tp elastic and
pP+p —>ﬁ+ + d peaks to determine the reqnired kinematic corrections
‘independent of the random:-fluctuations° The se peaks are good calibra-
tion_points because their positions are well-determined and because |
the ppw.e.lastic ‘and 7d peaks occur near the 1imits of the inelastic
mess range of_interesto | | |

Iet unprimed_kinemetic variables represent measured quantities and
primes denote corrected variables. We assume_small unknown'corrections

X3 of the following simple formst

p} =Py (1+x), (1<555)

pi = Py (1 + %)

33 o (A1)

6}'1=6h+x7, :
and ¢l = ¢l (1.+ xg).

The xJ(l'f 3‘5‘5) are separate corrections to P, at each nominal

incident momentum. We further assume that all the x, are determined

v J
by minimizing the quantity : ' .
| oM (x) -2 G
2 12537 7 Yot <j< ' .
Fa () L) @
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In this expression_Mi(xj) 1s the pesk mass calculated from the
corrected kinematics and Moi 1s the known proton or deuteron massj
the o, are estimated random mass'érrors and the GJ are the expected

i
magnitudes of the x,. .This least squares procedure is intended to allow

J
some random fluctuations in the peak masses and to require that the xJ
be small. In fact the resulting Xj arevreasonable and the mass errors

remaining after the corrections appear to be randem. Therefore we

' applyvthe calculated corrections to our inelastic mass scale.



APPENDIX B

JACOBIAN TRANSFORMATION

In this appendix we derive an expression fbr the Jacobian

transformation J which relates

dgc » dzc
— to —5
‘ o2 ’
a%a My 0 Oy & ,
—5 =Y ) | 5o (3 1)
N |
To express J in terms of laboratory kinematics, first note that
: Mhz’-QL _. Mug, cos 93 i : '
J <—-—-—-—-—- = 2% J ——————) - (B 2)
2 L 7/ 2 _ : _

M, M, b

To evaluate J, 1t is easiest tovexpress Mue and t in terms of the

independent variables p3 and 93 in the lab system:

Mu2 - ) f,Ee ',~3)2 . -
= ml2 +m,” 4 m32 + 2(Elm2 - E‘3m2 - EjEq + ppy cos 93> (B 3)
ot =V€81"/€3)2' e
- mlg + m32 - 2(E,B; + p,py €05 65), - (BB

where the/gi are four-vectors.

- Using well-known propertiles of Jacoblans, we can wrlte
_ Mug, cos 93 Muz, cos 63 2
J(""—‘—"‘“' 5 >= J(**-—-)/J—-—-—-———-—> (3 5)

Mh s b _ p3, cos 63 Py cos. 9



o bl

The numerator is Just

J( 53: ZzzZB) GZ; > ‘ [p‘l co's‘ 93 .- E + m, ] (B 6)

The denominator simplifies via stralghtforward algebra to
2

ot L _
J <p3, cos 93) m2P1P353 (B 7)

Using equations'(B 2), (B 5), (B 6), and (B 7), we obtain finally

J( u > ) 0 [(E + m2)B - Py cosf]

myPy P3Py o

(B 8)



APPENDIX C. SOLID ANGIE CAICULATION

Thevcalculation of tnevlaboratory solld angle suptended by each
hcdoscope element uses the well—known'rayhtracing nethod wherein the
rays are represented by 5-component vectors and the beam optical
: elements are represented b& matrices.(33> The matrix representations of
the optical.elements (magnets and drift spaces) are adapted from those of
Devlin(3h2 Tn this method the components of a ray vector X =V<x, x’, Vs

Ap/p) are the deviations of the ray in pos1t10n, direction, and )
momentum from the central ray. The vector xc‘upon exlt from any element
is given by ' ‘ ‘ ‘

- R = AL, o (c 1)
where E% is the vector at the‘entrance and"A is the matrix representing
the beam element. The effect of a set of elements on a ray is then
given by the product of the matrices of the set.

In our case, let'ﬁg and E% be vectors representing a ray at the
target and at the hodoscope, respectively, and let A be the matrix connect-
ing them, Neglecting chromatic aperrations'and vertical source
slze (yT== O),the intersection (xH, yH of a ray with the hodoscope

plane 1s determined by the momentum and the horizontal direction XT

at the target:

Yy = A35(Ap/p)’ (¢ 2)
and .
Xy = Ayp Xp x! + Al5(Ap/p)._ (c 3)

The computer program determines AyT, the acceptance interval of
vertical directions yT at the target, for a set of rays equally spaced

in X x%, and Ap. An average AyT-over the target coordinate.xT then
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glives the average range of y& at a given point (xH, yH) on the
hodoscope. Integrating over a hodoscope element, we obtain the.

solid angle subtended by the element, averaged over the target:

Ag=ﬁ};dxa.~ - (c 4)

This integratlion is done numerically; using interpclation to find

the integrand at points spaced uniformly along th‘e hodoscope element.
The acceptance Interval Ay% for a simple aperture in a field-

free region 1s easy to determine analy‘ticelly° For example, a circular

aperture eeﬁtered on the beam imposes the requirement' |

2 2 _ 2 " g
Xx +y S=R. ' - (c 5)

But x and y are linear;y relaﬁed to yé by the matrix from ﬁhe target
to the aperture. The limits on y% for thils aperture are found by
substituting these linear relations into the.equation of the circle.

. The determination of Ayé for the quadrupole is more difficult.
The gquadrupole aperture is a right-circular cylindrical plpe centereq
on the beém iine. The difficulty arises because the extreme rays‘hay
be those which graze the pipe inside the gquadrupole. The grazing

condition is specified by the simultaneous requirements

. 2 ’ .
x2+-y25r2=R (c 6)
and '
2 4
dr
'a"z"—' '—09 (07)

where z is the coordinate in the beam direction. Let us consider the
horizontaelly convergent gquadrupole Ql, in which the particle orbit
can be represented by

x = a cos (kz + B) | (c 8)

]

and

]

¥y = b cosh (kz + €). : (¢ 9)



Our Xknowledge of x_, x'_, ¥y = O, and Op/p at the target enables

T T T
us to determine =a, k, O, and € in these equations. Substituting Eq.(C 8)

and (C 9) into (C 6) and (C 7), we obtain two equations in the two

unknowns b and zt

2 2

a 0052 (kz + d) + b2 cosh2 (kz + €) = R (c 10)

and _
-e° sin 2[(kz + 8)] + b2 sinnl2 (kz + €)] = 0. (c 11)

. ’ _
Solution of (C 11) for b in terms of z and substitution in (C 10)
ylelds an equation in z which is solved numerically. Xnowledge of z

‘determines (yé) for the grazing rays. The other'quadrupdle Q2

max, min

1s treated similarly. Of course the entrance and exit of the two

quadrupoles are treated as ordinary apertures.

After the extreme rays (y%) are found for each aperture,

max, min

the acceptance interval Ayé 1s determined easlily for the complete

spectrometer,

The solid angle calculetion for a run, which includes determination

" of Ay% for about 1000 combinatlons of x , and Ap/p and integration

T T

over 28 hodoscope elements, requires about silx seconds of CDC 6600

y X\

computer time. .
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Table Ia. April 1963 values for isobar parameters.

Symbol and Mass (MeV) Width I (MeV). Spin-parity J° Isospin T

+

i\rée( 1238“) ' 100 3/2 3/2
N*(1512) - 00 3/27 1/2
w(1688) | 100 i _‘ .5/2+ 1/2
‘N%(1920) o : 00 o 7/"2“"‘ 3/2
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Table Ib. August 1966 values for isobar pérameters.

Symbol and Mass (MeV)  Widths (MeV) - Spin-Parity J° Isospin I
N*(1236) 120 + 2 YA Y >
N*(1400) ~200. 1/2" RV
w*(1518) s Vo e
N*(1570) ~130 1/2” 172
N*(1670) . =180 RV , 3/2
N*(1688) . ®100 5/27 - 1/2:
W*(1688) O els - | 5/2* o 1/2
NA(1700) %210 BV 1/2
N*(1920) o =200 o 7/2% A3/2




Table II. Cheracteristics of-the‘épectroﬁeter bending megnets.

e . Plane = length . Width of Gap ' . Height of Gap
- Magnet " Type ‘of bend - (in.) (in.) o

(in.) -

”»505 "':"'yhériz,l o j36 SR 163':7;.21?'4: 8
g N ::hériz; L ,’36;' ) 18 o  ;al- 8
e verb.. . < 36 Qiﬁfr;1-'io‘[-f‘ 5; ;j"f,  ;8_[

CotEt o vert.. 36 010 18




. 5)+ o

Talble . Dimensions of the écintillation counters.

Counter S Height (in.) Width (in.) Thickness (in.)
S, _ 7.5 ' 7.0 | .25
H, .25 70 .50
s, 7.375 6.75 .25
A (dimensions of hole) = 7.5 7.5 1.0
A (max. outside dimensions) 20. : ~ 20. 1.0
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Differential Cross Sections for p + p —p + p

Table TV.

do
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dt
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_Table IV. (continued)

Nominal Py : Corrected P, , -t ,
(Gev/e) (Gev/ec) — GeV
6.0 6.07 ' 1.09
6.08 1.23
6.08 1.51-
6,08 - 1.83 .
6.08 2,18
6,08 2.18
6.08 o 2.18-
6.08 2,51
6.08 2.85
6.08 3.32
6.08 - 3.90
6.08 L Ll
6.08 - 4,66
6.07 4,66
6.07 4,67
7.0 , Tod 7.07 1.42
7.16 1.58
7.16 1.81
7.16 2.37
7.16 2.71
7.08 3.16
7.07 L, 36
7.08 IRRITS
7.08 4,63
7.08 - 5.67
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| Table V. Average fnasses. and full w‘idﬁhs df‘ spe,c{;ral .pe.aks;

© Symbol ‘ Mass gMeVQ B | (MéV} _

- N*(1238) . ' '121L0_-l_:6 - ' lOQiL.L
N*(1512) B . 1508+2 v ' 92+3
. N*(1688) - | ' 1683553. - 110‘::1,‘ |
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Differential Cross Sections for p + p — p + N¥(1238)
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Differential Cross Sections £or p + P ., p + N(1512)
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Fig._
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Flg.

Flg.
Fig.

Fig.

FIGURE CAPTIONS

1. Total cross sections for nfp scattering as funcﬁions of the

(1)

center-of-mass energy, adapted from Chew EE al .
2% Schematic diagram of the experimental appératus. In the draw-

ing B, represent bending magnets, Qi are quedrupole magnets, Si

1

are scintillation counters, and Ci are Cerenkov counters, Cl and

C, are lowered out of the beam when not in use.

2
3. Details of the hodoscope construction.. The structure is

periodic with a "cell length" of six elements.

h; : Trajeétories of chérged‘particles,thrpugh the beam obticai
system. In the plan view pérallel'rays are traced; in the elevation
view rays emanating from a point on ﬁhe”target are shown. These
rays_illustrate the focusingAéonditions for central-momentum |
particles. |

5. Coordinate system in the hodoscope plane, looking downstream
along the scattered beam direction. |

6. The mass width AM& of the cenfral hodoscope element for
runs‘céntered at the elastié peak.

T. The geometry of the sqintillators; Sé and S3 are in coincidence
with Hi end & is in anticoincidence;

8. Block diagram of the fast electronics.,

9. Block diagram of thé data acquisltion aﬁd storage syétem.

10. Illustration of the effect of the‘.e.'mpirical'kihérﬁatic
corrections described in Appendix A. Histolgrams of the missing

masses at the pp elastic peaks, before and after the correction,



Flg.

Fig.

Fig.

Fig,

Fig.

Fig.

Fig.

Fig.
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are shown in (a) and (5) respectively; (c) and (d) are the
corresponding histogréms for the pp —>n+d peaks.

11. The acCeptanée»é@.ép/p for a central hodbscope element as

a funétion.of laboratory angle 93° The factor Ap refers to thev
momentum interval at constant 93 on the hodoscope.

12. The kinematic limit of pion production*in terms: of N* missing
mass. This 1s the mass at which a pion peak from the reaction

PP —>n+d,would occur in our missing mass spectra.

13. A typiqal set of elastic peakiruns, These results were
obtained at 5 GeV/e at laboratory angles of (a) 10.3°, (b) 12.40,

(e) 16.8°, (a) 22.8°, and (e) 27.14°, Note the changes in the

‘vertical scale.

14, Differential cross sections for elastic>proton-proton
scattering résultinglfrom thils experiment.

15. Comparison of our elastic data with that of Clyde(zl) at

(a) 3 Gev/c, (b) 5 Gev/c, (e¢) 7 Gev/e.

16, Resolution (full width at half-max.) at the pp elastic

peaks at (a) 3 GeV/c, (b) L GeV/cs (c) 5 GeV/e, (d) 6 GeV/c,

and (e) 7 GeV/c. The points represent the observed widths of
elastic peaks‘and thé curves are estimates of our expected
resolution,

17. Missing mass spectrum at py =7 GeV/c and 63 = 10.07°,

(a) before and (b) after the correction described in Section III C.
18. Missing mass spectra at (a) p, = 6 GeV/ec, 93 = 100260,

(b) 7 GeV/e. 10.07°, and (c) 7 GeV/e, 13.49°%, illustrating |

the lack of structure above the peak near 1688 MeV.



Fig.

: Fig,

19. Missing mass spéctra'at 3 GeV/é and laboratory angles of

(a) 10.19%, (v) 10.91°, () 12.30°%, (d) 16.90°, (e) 18.36°,

(£) 20.36°, (g) 25.42°, and () 30.&89.,'A11 the spectra are

plotted to the same scale, with successi;e,spectra-diéplaced verti-
cally by equal increments. The solid curveé are béckground estimateé
calculdted with the fitting procedure.of Section IV C. The small
narrow peak between 1500 and 1600 MeV, espeéially noﬁiceable in

(a) = (£), is attributable to pions from the reaction pp — x d.

20. Missing mésé spectra at 4 GeV/c énd laboratory éngles of (a)

10.19°, (b)‘lO,90o, () 12.31°%, (4) 16.89°%, (e) 20.10°%, (£) 25.45°,

and (g) 30.550, All the épeéﬁia'are plotted to the same scale,

 with successive spectra displaced vertically by equal increments.,

Fig..

Fig.

The solid curves are baékground estimates calculated with the fit-
ting proéedure of Section IY Co |

21. ‘Missing mass.spectra at 5 GeV/c and laboratory'angles of

(2) 10.24°, (b) 10.96°, (c) 12.34°, (&) 15.42°, (e) 16.8&0,

(£) 18.32°%, (g) 22.83°, (n) 25.26°, (1) 27.65°, and (J) 29.99°,
All the spectrg are plotted fo the same scale; with successive
spectra displaced vertically by equal increments} The solid
curves are background estimatés calculated with the fitting
procedure of Section IV C.

22, * Missing mass spectra at 6 GeV/c and laboratory angles of
(a) 10.26°, (b) 10.95°, (c) 12.34°, (a) 13.86°, (e) 15.42°,

(£) 16.84°, (g) 18.32°, (n) 20.31°, (1) 22.81°, (3) 25.27°,
and (k) 27.76°, A1l the spectra are plotted to the same scale,

wlth successive spectra displaced vertically by equal increments9
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"~ The solid curves‘aré background estimates calculaﬁed with the fitting

Fig.

Flg.

~ fits to the data of Blair et al.

Fig.

Flg.

Fig.

 Fig.

procedure of Secfion Iv C.

23, Missing mass'spectra at 7 GeV/c and laboratory.angles of
(a) 10.07°, (b) 10.59°, (e) 11.48°, (a) 13.u9°, (e)‘lh.659,
(f) 16.44°, (g) 20.58°, and () 25.47°, A1l éhe séectra are

‘plotted to the same'écale; with successive speétra.displaced

vertically by equal iﬁcrements. ' The solid curves are background

estimates calculated with the fitting proéedure of Section IV C.

24, Differential cross sections - do/dt for productlon of (a) N*(l238),

(b) N*(l5l2), and (c) N*(l688) vs. (- t), the squared four—momentum

transfer, at 3, k4, 5, 6, and 7 GeV/c. The straight lines are

(16)

at the indicated momenta.

25, The différéntial cross sections for-elastic scatteripg'andx

N*. production aré répeated here to facilitaté thelr cdmparisdn

at fixed incident momenta of (a) 3 Gev/c; (b) 4 GeV/q,(c) 5 GeV/e,

(d) 6 GeV/c, and (é) 7 GeV/e. - "

26. Compgrisoﬁ Qonur producﬁidn_cross~sédtions‘near ecm = 90b

with the predictions of the‘staﬁistidal model of Hageddrnj(eu).

27. Dependencé of the Orear slope parameter of Equaﬁion'(39) on

momentun, according.tofClyde(gl), Allaby et Ei.(262 and the:presént

experiment. | | o ' |

28. Differential cross sectionsiforvpp elastic scattering vs.
[-tu/(t + u)] at (a) 3 GeV/e, (b) 4 GeV/c, (c) 5 GeV/e, (4) 6 GeV/c,

and (e) 7 GeV/e. The ‘stralght lines are least-squares fits to |

the data away from the diffraction peak. The reason for this

choice of indepeddent varlable 1s explained in the text.



Fig.

Fig.

Fig.

Fig.

29,

VSoe

(a)

Differential cross sections for the process.pp-—apN*(1238)
[-tu/(t + )] at (2) 3 GeV/ey (b) & GeV/e, (c) 5 GeV/e,

6 GeV/c, and (e) 7 GeV/c. The straight lines are least- .

squares fits to all the data.

Differential cross sections for the process pp-4>pN*(1512)

30.

VS, [-tu/(t +u)] at (a) M.GeV/c,.<b) 5 GéV/c,.(g) 6 GeV/Qg and -

(a) 7 GeV/c. The straight lines are least-squares fits to ail
the data,

31, Differential cross sections for the proceés pp —>-pN*(1688)
vs. [-tu/(t % u)] at (a) L GeV/q,:(b) 5 GeV/c, (c) 6 GeV/c, and
(a) 7 GeV/c.v‘Thé'éﬁraight iineS'are least-séuares fits to all
. the dafa. | _ |
32a‘ The slope parameters of the fits shown‘inIFig. 28 - 31, as

functions of the 1ncident momentum.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





