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ABSTRACT 

A systematic study has been made of the .reactions pp - pp 
-,-

and pp - pN'" in the angular range frome l b = 10 deg to e = 90 deg a c.m. 

at 3, 4, 5, 6, and 7 Ge V / c. An orthogonal dispersion magnetic spec-

trometer detected protons from interactions in hydrogen with momen

tum transfer (':'t) in excess of 0.5 (BeV/c)2. Well-defined peaks in the 
-,-

missing-mass spectra occurred at average N'" masses of 1240 ± 6, 

1508 ± 2, and 1683 ± 3 MeV with average full widths of 102 ± 4, 92 ± '3, 

and 110 ± 4 MeV respectively. Below 2400 .MeV no other significant 

enhancements were found. 
,~' . 

The N production cross sections da)dt 

near e = 90 deg are in qualitative agreement with the predictions . c. m. . 

of the statistical model. ,For each isobar the differential cross section 

at fixed energy varies as exp(-v/vO)' where v == [-tu/(t+u)]; vo varies 

. systematically with energy and tends toward the same value [::::::0.4 (GeV)2] 

for each isobar at the upper limit of our energy range. 
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I. INTRODUCTION 

A good empirical description of N~~ production at low momentum 

transfer in high energy proton-proton collisions, 
.,. 

pp - pN"', (1) 

. 1-7 
has emerged from recent experiments. The main features of the 

data are the following: 

(a) An enhancement near 1410 MeV has been observed at low momen

tum transfers. 3 -7 This is usually interpreted as a P 11 state ("Roper 

resonance,,8) produced coherently, although some contribution may come 

from kinematic effects. 

(b) The higher-mass resonances above 1688 MeV are not copiously 

. 1 2 4 6 7 produced at presently available energles •. ' , , , 

(c) The total production cros s sections at high energy are roughly 

constant for the T ::: 1/2 isobars but fall with increasing energy for the 

. .,j.. 6 ,I... ~(. 
T ::: 3/2 N .... (1238). The N"'(1238) and N' (1512) total production cross 

sections manifest peaks near their production thresholds. 7 

(d) The slopes of the differential production cross sections (: vs t) 

at low momentum tranSfer vary from about half to about twice that of 

the elastic cross section. 3, 6, 7 

Unlike the situation at low momentum transfers, the infor-

mation on reaction (1) at medium and hlgh momentum transfers 

[-t ~ 0.5 (GeV /c)2] has been confined to a few isolated data points. 2,5, 6 

The goal of the experiment reported here was a systematic survey of 

N::' production at relatively high momentum transfers. 9 The elastic 

scattering cross sections also were measured for comparison with. 

N:~ production and as a check on the experimental method • 

.. 
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The relative productiori cros~ sections for various isobars 

provide a direct test of the fundamental assumption of the statistical 

model, that final ~tates are produced in proportion to their intrinsic 

statistit:al weights. 
, 10 11 

As developed by Fast, Hagedorn, and Jones,' 

the model has been applied with qualitative success to the description 

of pp elastic scatteri~g ate z TT/2. Orear has suggested an em-
c. m. 

pirical generalization to include center-of-mass angles different from 

TT/2. 1,2" 1, 3 He f' d h 1" 1 f 1 f' h d . . b' 1n stat a qua 1tatlve y use u 1t to t e ata 1S glven y 

with 'A 

dO" 
= orr 

A s exp (-a Pl.), 

, 2 
= 595 ± 135 GeV mb/sr and 1/a = 158 ± 3MeV/c, where 

2 
s =' E 

c. m. 
= 4(p2 + M 2) and P1 = P sin e 

p c. m. 

However, this expression and the prediction of the statistical 

model are quantitatively inconsistent with recent precise p-p scat-

. d . 'd f'" 14-16 f ter1ng ata covenng a W1 e range 0 1nc1dent momenta. ,In act, 

the elastic scattering cross section for e = TT/2 is fitted rather 
, co m. 

'16 well by a phenomenological model that uses a set of exponentials in 

2 
p 1. The absence of IIEricson fluctuations II in elastic scattering also 

appears to contradict the predictions of the statistical model. 15 

Wu and Yang have given reasons for expecting that the high-

energy dependence at fixed angle for a variety of cross sections may 

be similar~ 17 Specifically they suggest that 

slUnoo [ In ~ (e, pp - pN*)/ in ~ (e, pp - pp) ] "1. (2) 

It is important to note that this prediction, though consistent with that 

of the statistical model, is not dependent upon the specific nature of 

the interaction. Because of the logarithmic depep.dence in (2), it is 
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unlikely that a very severe test is possible at the energies presently 

available. 

II. EXPERIMENTAL METHOD AND APPARATUS 

A. Introduction 

The experiment employed the missing-mass method to mea

sure N~:~ mas s spectra indirectly. Application of the law s of conserva-

tion of energy and momentum to a reaction of the form 

involving particles or particle systems of invariant mass mL, total 

energy El, and momentum EL, yields the result 

In the laboratory system, in which particle 2, the target, is at rest, 

this reduces to 

where 8 3 is the lab angle between £1 and £3. Thus for a kinematically 

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

particle 3, together with a knowledge of its mass m
3

, suffices to 

d . h"" " etermlne m 4 , t e mlsslng mass. 

The orthogonal dispersion spectrometer used here has been 

described previously. 18 Through the use of a quadrupole lens and a 

vertical magnetic deflection, the spectrometer relates the production 

angle e 3 and the momentUn1 P3 of a secondary proton to its horizontal 

and vertical displacements. respectively. in the focal plane. By the 

above eqc.ation, then, independent of horizontal source size, a given 
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missing mass m 4 corresponds to a line in the focal plane; (;)3 and P3 

vary slightly along the line so as to keep m 4 constant. Hence a: single 

hodoscope in the focal plane was used to measure the missing-mass 

spectrum.', For this reason it was possible to use a small computer 

with a minimum of logic to accumulate the data required for the experi-

ment. 

B. Incident Beam and Target 

Figure 1 is a schematic diagram of the beam. A liquid hydro-

gen target was located at the second focus of the external proton beam 

(EPB) of the Bevatron. The optics and geometry of the EPB have been 

. '. 19 
descnbed elsewhere. 

In the vertical plane the beam was imaged to a 0.2 -in. spot at 

the target. Because the vertical pos'ition and spot size of the beam af-

fect the measurement of the scattered momentum Py the position of the 
, , 

beam was checked periodically between runs by remotely viewing a 

scintillator that could be positioned behind the target. Because angular 

err,ors in the horizontal direction of the incident beam directly affect 

the measurement of the scattering angle (;)3' the horizontal angular 

spread of the beam at the target was limited to ± 0.5mr through the 

use of quadrupole singlets in front of and behind the target. The 

direction of the beam was continuously monitored downstream from the. 

target by left-right scintillators whose output was displayed on an 

oscilloscope in the electronics area. The horizontal width of the beam 

at the target was about 2 in. 

11 
The average beam intensity was of the order of 10 protons 
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per pulse, with a repetition rate of 11 pulses per minute. The spill 

length averaged about 500 msec during Bevatron "flat top" with little 

radio -frequency structure. The intensity was monitored by an ionization 

chamber located downstream from the target. The voltage induced on a 

capacitor by the collected charge was converted by an analog-to-digital 

converter and automatically recorded after each Bevatron pulse. In the 

early running at 7 GeV Ic, the ion chamber was too far downstream; the 

greater beam width at this point adversely affected the reproducibility 

of the ion chamber readings. For this effect an error of ± 10% is ap

plied to these early data. 

It was essential that the beam momentum be held constant at a 
known value for each set of runs. This was accomplished by gating the 

scalers on when the Bevatron magnetic field fell between two preselec

ted values. The field was measured by integrating the current induced 

in a current loop around the Bevatron by the changing magnetic field. 

The range of values accepted was usually ± 0.2%, matching the resolu

tion in scattered momentum. 

The liquid hydrogen-deuterium target was of conventional cryo

genic design. The flask, approximately cy~indrical but with rounded 

ends, was 4 in. in diameter and 12 in. long in the beam direction. It 

had sides of Mylar (0.0075 in. ) and end domes of aluminum (0.0055 in. 

thick, 3.5 in. radius). The incident beam entered and left the vacuum 

jacket through windows of Mylar (0.020 in.) and aluminum (0.011 in.), 

respectively. The scattered secondaries exited through a total of 

0.2 g/cm
2 

of aluminum and Mylar. 
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c. Spectrometer Components 

In Fig. 1, B1 and B Z are uniform-field "c" magnets which 

were movable to accept different laboratory-system production angles 

e3 between th~:;l~rnits of 10 and 70 deg~ The magnet positions for these 
. ~: .~ .". 

extreme angles"are indicated in the figure. The movement. of B1 and B Z 

was faciiitated by u~e of air pads. Guide rails as flured the proper' 

relative alignment of the magnets. Bellows-type plastic bags, moving 

with the magnets, we're filled with helium to reduce the scattering along 

the beam. path. 

The' remainder of the magnet~ defined a fixed channel at an 

angle of 14deg to the incident beam-. When necessary a concrete block 

was moved into position behind B Z to shield the fixed channel from par

ticles coming directly from the target~ A vacuum pipe occupied the 

fixed portion of the beam path, from B3 thro~gh B 6 • B3 directed the 

scattered particles down the fixed channel. Magnets B 4 , B S' and B6 

wer~ identical "H" magnets ~hich produc,ed a total vertical deflection 

of 15 deg for a central-momentum particle. All the bending magnets 

were shimmed to provide magnetic field path integrals uniform to 0.1% 

over their apertures. 

Q 1 and 0z constituted a quadrupole doublet with a 7.7S-in.

diameter aperture; Q 1 focused the beam horizontally and QZ focused 

vertically. In the horizontal plane, particles produced at a given angle 

e 3 from any point on the target were focused to a point in the image 

plane. Vertically the beam spot at the target was focused at the image 

plane. 
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The Cerenkov and scintillation counter detection system was 

located" in or near the image plane. The heart of the detection system 

was a 28-counter scintillator hodoscope in a plane perpendicular to the 

spectrometer axis at the image plane. Each element was viewed by a 

1P21 photomultiplier and had a sensitive area of 6.75 by 0.25 in. and 

thickness of 0.5 in. in the beam direction. The entire hodoscope could 

be rotated around the spectrometer axis by remote control to align the 

elements with lines of constant missing mass. 

D. Spectrometer Optics 

The beam-optical properties of the spectrometer are illustra-

ted by the ray diagrams of Fig. 2. In the approximation that chromatic 

aberration and vertical source size are neglected, the momentum and 

angle of a scattered particle are uniquely determined by the coordinates 

of its intersection with the hodoscope. 

In the vertical plane, an image of the beam spot at the target 

is produced at the hodoscope. If the spot size is neglected, the vertical 

coordinate depends only on the momentum of the particle. For small 

deviations of the momentum P3 from its value' Pc at the center of the 

hodoscope, we may write 

(3 ) 

iIi the Cartesian coordinate system defined in Fig. 2, where D (= 59.2 

in. ) is the dispersion at the hodoscope and 6.p = P3 - pc. 

In the horizontal plane 8
h 

represents the projected angle be

tween the incident beam direction and the trajectory of a particle as it 

enters the quadrupole. Because the hodoscope lies at the horizontal 
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focus of the optical system.', the horizontal displacem.ent at the hodo-

scope is given by 

where fh istlj:e'horizontal focal length and A8h is the deviation of the 

trajectory fr6rri'the central ray of angle 8hc ' The focal length fh is 

612 in. when 8 3 = 8
hc 

= 14 deg, and depends only slightly on 8 3 , 

( 4) 

The variations in P3 and 8 3 ov~r the h~do'~c~pe ar'e sm.af1;' 

therefore the m.issing m.ass is essentially constant along a line of slope 

'm., where 

m. = (ay) __ tan 0; 
OxM4 

o is the angle of rotation required for the hodoscope in order that each 

counter detect the sm.allest range of m.is sing m.as ses. 

Using Eqs. (3) and (4) and letting iP 1 and iP2 be the angles of 

deflection in B1 (or B 2 ) and B3 respectively, we find that 

l 
. 2 

The range of m.asses .6.(M4 ) that a single hodoscope elem.ent 

accepts is determined by the rate of change of m.issing m.ass in the 

direction normal to that elem.ent. Explicitly we find 

for a detector of width w. For the conditions of this experim.ent, AM4 

is typically about 10 to 20 MeV. 
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F. Particle Detection and Fast Electronics 

The particle identification system for this experiment consis-

ted of a scintillator and Cerenkov counter telescope to select particles 

of the desired type in the scattered beam. The good resolving time 

of the counter system and the location of these detectors far from the 

target enables us to use high intensity in the EPB to obtain good data 

rates. 

For detecting protons, as required for the present experiment, 

the Cer"enkov counters were not needed because 11'+ and K+ contamina-

.. tions were small. When not in use, the Cerenkov counters could be 

\ 

lowered out of the scattered beam. Two scintillators S2 and S3 were 

placed in coincidence with the hodoscope. S3 defined a 6.7 5-in. ef

fective length for each hodoscope element; S2 was slightly larger. 

Anticoincidence counter A reduced background in the hodos cope light 

pipes. The orientation of these scintillators is shown in Fig. 3. 

With time resolution::::: 20 nsec, master coincidence 

E == S2S3A and secondary coincidences .~ == EH;, for each hodoscope 

counter H..L were r"ecorded on scalers of six and three decades respec

tively. An additional six-decade scaler E' summed h-i., but provided 

only a single count in a case of coincidence within the electronic resolv-

ing time. Comparison of E and E' therefore provided a direct test for 

accidental hodoscope coincidences or multiprong interactions in the 

. scattered beam. 

G. Data Acquisition and Storage 

The rapid rate of data accumulation necessitated use of a 

small computer (the Digital Equipment Corporation PDP-5), both to 
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facilitate data storage and to monitor the progress of the experiment 

and the performance of the equipment. 

The experiment was divided into runs according to the settings 

of the variable' ,parameters of the apparatus. For the experiment de-

scribed here the duration of a run was typically a few minutes. At the 

start of each run the position of the movable magnets and the magnet 

currents for B4BSB6 were read into the computer via-an an~log-to

digital converter. After each Bevatron pulse, the computer read and 

reset 30 scalers (H
1

_
28

, E, and E') and the integrator for the ion 

chamber. The information from each accelerator pulse was' written 

on magnetic tape, then added t9 the previotls data stored in the com

puter. The limit of 10
3 

per pulse on the hodosc:ope scalers occasionally 

led to overflow problems, particul,arly at the elastic peak, where the 
:- -I 

.' . -\ 
-incident beam intensity often had ~6 be decreased. In cit typical case of 

overflow, ; only the most significant digit was lost. Because the data 

for each pulse were recorded speal:"ately, occ~sional overflows could 

later be identified and either corrected or eliminated by comparing the 

sum of the hodoscope counts with the E and E' counts or by checking 
\ 

-the smoothnes sof the data. 

A display oscilloscope provided the main on-line feedback of 

data to the experimenters. For exainple,histogra,~s of the hodoscope 

data, either cumulative or pulse -by-pulse, could be displayed. In this 

.~.:' " 

wayan almost continuous record of the progress of a run was available. 

At the end of a run a Polaroid photograph of the cumulative spectrum 

was usually made, and the accumulated data were typed on a teletype 

and written on magnetic tape. 
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III. ANALYSIS OF THE DA T A 

A. Analysis of Individual Runs 

1. Differential Cross Section 

The basic results of this experiInent are missing-mass spec-

tra for various fixed incident momenta and lab angles. These spectra 

take the form of double difiere,ntial cross sections (d
2

cS/dM4
2

dt) as 

functions of Pi' 8 3 , and M 4 • The cross sections are given in terms of 

experimentally determined quantities by the formula 

where 

N 

(Pi' 83' M 4) = NJ.:
t 

1 

Ns = number of protons scattered into lab solid angle .6.Q L 
2 

with squared missing mass in the range .6M4 ' 

N;...= number of incident protons, 

n
t 

= target thicknes s in protons per unit area, 

(

M42, QL) 
J 2. = Jacobian transformation from lab solid angle Q L to 

M4 ' t ' 
invariant four -momentum transfer squared, t, 

This section describes the analysis and corrections neces sary to 

deduce these cross sections from the raw data via Eq. (5). 

2. Combination of Data into Runs 

For each run the data from different Bevatron pulses were 

(5) 

combined. These data consisted of 30 scaler readings (H
1

_
2B

, E, E') 

arid the voltage V proportional to the integrated beam intensity 
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(O :::; V :::; 10 volts). In combining the data pulse-to-pulse consistency 

was checked. Data from a pulse were eliminated if they contained an 

unrecoverable scaler overflow, if they were obviously inconsistent with 

those from the other pulses, or if V was outside the range 0.5 volt ~ V 

:::; 9.5 volts. Ea;th of these requirements eliminated about 5% of the 

data. The combined data yielded N (Eq. 5) for a set of 28. adjacent . s . 

mass interva1s.· -N--i..was de-termined-froni the ion charnbe-r calib~atiQn. 

". 
3. Kinematics 

For each hodoscope element, the kinematic quantities that 

enter Eq. (5) are completely determined by the optical properties of 

the spectrometer. In preparation for the experiment the kinematic 

quantities and the corresponding spectrometer settings (magnet cur-

rents, angle 0, and movable magnet position) were calculated for sets 

of runs at constant Pi and 8
3

• Each set cbve.red overlapping intervals 

in M4 to define a complete missing-mass spectrum. Included in each 

set were runs centered at 938, 1238, 1512, and 1688 MeV, the nominal I 

locations of elastic and isobar peaks. 

During the course of the experiment, systematic errors in the 

positions of elastic peaks were observed. Careful measurement of the 

spectrometergeoITIetry and the magnetic field integral through B4BSB6 

indica ted slight « 1 %) deviations from nominal values. In addition 

there were errors of the order of 1% in calculating Pi frOITI the inte

grated Bevatron field, error s of the same order in deterITIining P3 at 

the center of the hodoscope, and uncertainties of the order of a few mr 

in determining e 3 from the channel angle 8
h 

and the horizontal bending 

angles. .~ 



. y 

-13- UCRL-17763 

After all the measured corrections to the spectrometer geom-

etry and magnet excitation curves were applied, there remained syste

matic errors of about ± 50 MeV in the missing-mass measurements for 

pp elastic scattering and for pp - TI' + d. Hence the momentum scale P3' 

the incident beam direction (8
3 

= O), and (separately for each incident 

energy) the value of P 1 were adjusted to provide best agreement with 

the known' kinematics for these two final states. Approximately 75 

measurements were used in this adjustment. In this way the uncer-

tainty-in the mass scale was reduced to about ± 5 MeV. 

4. Laboratory-System Solid Angle 

The calculation of the laboratory-system solid angle subtended 

by each hodoscope element used well-known matrix method~ of ray 

tracing.
20 

The matrix representations of the optical elements (magnets 

and drift spaces) were adapted from those used by Devlin. 21 In this 

method the components of a ray veCtor x = (x, x', y, y', .0.p/p) are the 

deviations of the ray in position, direction, and momentum from the 

central ray. The computer program determined .6.yT, the acceptance 

interval of vertical directions YT at the target, for a set of rays equally 

spaced in x T ' x~, and .0.p. For a given run, the solid angle calculation, 

which included determination for .0.Y~ for about 1000 combinations of 

x T ' xT' and .0.p/p and integratio~ over 28 hodoscope elements, re

quired about 6 seconds of CDC 6600 computer time • 

The solid angle was typically about 10-
4 

steradian. The 

"illumination" on the hodoscope was almost uniform vertically but 

decreased by about a factor of two from center to edge horizontally. 

Thus the solid angle was about the same for each hodoscope element 

, 
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unless the angle 0 was large. 

5. Counting Corrections 

The following three effects were sources of background in the 

observed proton spectra: 

a. Counts in two or more hodoscope elements caused by a single sec-

ondary particle ("double counts "). 

The presence of a significant number of double counts in our 

apparatus was indicated empirically by the fact that the sum of the 

hodoscope counts consistently e~ceeded the number in E' by about 80/0. 

This excess was a meaSlne of the number of times two or morehodo-

scope counts occurred within the resolving time of the E', circuitry. 

That accidental coincidences between two scattered beam particles did 

not account for a significant part of this excess was indicated by direct 

estimates of the accidental rate and was verified by the fact that the 

excess was approximately independent of the scattered beam flux. In 

fact, estimates indicate that the following effects account for most of 

the excess: passage of a single particle through two hodoscope ele

ments(:=:: 0.5%), interactions of scattered-beam particles in 52 and in 

the hodoscope (:=:: 2%), and production of 0 rays in 52 and in the hodo

scope (:=:: 4%). These effects usually produced spurious counts close 

to the original particle path, thereby preserving the shape of the· 

spectrum; hence the required correction involved simply a renormali-

zation and \vas made by dividing each hodos cope count by the observed 
• 

ratio of 2:H; to E' for each run • .,.... 

b. Interactions in windovls and walls of the hydrogen target. 

. The counti ng rate with target empty was found to be about 5% 
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of the full-target rate for a representative small sample of runs. Since 

'!his background was caused almost entirely by scattering from compos-

ite nuclei, it did not show the structure inherent in the secondary 

spectra from proton-proton interactions. Therefore, after the spectra 

observed with target full had been fitted to a background function plus 

peaks, a correc'tion was made by subtracting from the data 5% of the 

value given by the background function. 

c. Secondaries other than protons. 

The background from particles other than protons has been 

neglected in the analysis of the data because its effect is small com-

pared with the other corrections and because it contributes a: smooth 

background (except for the small and readily identified peak from 

+ pp - 'IT d). The proton spectra of interest lie near the kinematic limits 

of pion and kaon production, so that these are either kinematically 

impos sible or strongly suppres sed by the small phase space available. 

A few direct measurements of pion yields confirmed that this back-

ground was small enough to be neglected. 

B. Analysis of Elastic Data 

The missing-mass spectrum of Fig. 4 shows typical data in 

the elastic scattering region in order to obtain the elastic scattering 

cross section and at the same time to evaluate the resolution of the 

spectrometer, it is assumed that the true peak intensity distribution 

for elastic scattering is a Gaussian in M 4, centered at MO and of width 

r. The background is represented by a polynomial. This function is· 

fitted to the rn.easured data by a least-squares fitting program with M O' 

r, the Gaussian amplitude A, and the polynomial coefficients as 
I 



-16- UCRL-17763 

variable parameters. The order of the polynomial is adjusted to obtain 

the best fit. Then r is the observed resolution at the elastic peak, and 

, the number of elastically scattered protons is obtained by subtracting 

the polynornial frorn the data in the neighborhood of the peak. 

The differential cross sections for proton-proton elastic 

scattering frorn this experiment are presented in Fig. 5 and Table 1. 

The uncertainties given are compounded from statistical errors, 

uncertainties resulting frorn random errors in the kinematic variables 

(including t), and, when applicable at 7 GeV Ic, random errors of 10% 

in the incident beam intensity (see Section IIB). The errors given do 

not include an estimated error of 7% in the absolute normalization. 

In Fig. 6 our elastic cross sections at 3, 5, and 7 GeV Ic are 

14 
compared with the results of Clyde et al. at corresponding momenta. 

The agreement is reasonably good; differences may be attributed pri-

rnarily to absolute calibration errors, which are somewhat larger in 

the experiment described here. Quantitative interpretation of our 

elastic cros s sections is postponed to Section V for comparison with 

the inelastic results. 

C. Combination of Inelastic Runs into Composite Mass Spectra 

After the analysis of individual runs described in Section III A, 

the inelastic data were combined into composite missing-mass spectra 

at constant p 1 and 83. There was usually considerable overlapping of '" 

adjacent runs. which provided another self -consi stency check. 

It was found that the data from the ends of the hodoscope were 

consistently in error, presumably because of snlall errors in aperture 

location, nonuniform distribution of background on the hodoscope, and 
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siITlilar effects; for this reason data froITl hodoscope eleITlents 1 

through 4 (at the top of the hodoscope) and froITl eleITlent 28 have been 

rejected. 

In order to obtain the ITlas s spectra at constant angle, addition

al corrections to the data are needed to cOITlpensate for the variation in 

,lab angle acros s the hodoscope for each run and to allow for slight 

changes in the corrected central 8
3 

froITl run to run. Although the 

variations are sITlall, they contribute a significant effect because of the 

strong dependence of the cross section on 8
3

• Correction for this 

effect was ITlade eITlpirically by using the observed angular dependence 

of the counting rates at fixed P1 and M 4 ; the, necessary geoITletrical 

factors were evaluated as a "by-product" of the prograITl for calcula

ting solid angles. The resulting correction is greatest at sITlallest 

angles; the largest correction required was 18%. The uncertainty in 

the correction is estiITlated to be ± 20% of its ITlagnitude. In a few 

cases, systeITlatic differences between adjacent runs have not been 

cOITlpletely reITloved by the corrections. This is apparent in the data 

of Figs. 7 through 12. 

IV. RESULTS 

A. Mass Spectra 

The ITlass spectra of Fig. 7 show a lack of pronounced struc

ture beyond the peak near 1688 MeV. On the basis of these data we 

confined the reITlainder of the experiITlent to the ITlissing ITlass region 

below about 2000 MeV. 

The ITllssing ITlass spectra ITleasured at 3, 4, 5, 6, and 7 GeV/c 
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are presented in Figso 8 through 12,' respectively. The data' of Fig. 7 

with missing masses below 2000 MeV are repeated for' comparison with 

the other spectra. Note that data take~ at 7.0 and at 7.1 GeV/c are 

combined in Fig. 12{' The errors shown include statistical errors, 
" .. ' , 

which 'are usually ~bout 1%, and the effect of the uncertainty'in the 

scattering angle8 y The solid curve associated with each spectrum is 

, 'the-nonresoncrntbackgroundas estimated by ~the fitting Fr.ocedure ~to be_ 

described in Section IV C. 

The enhancements nea;r 1512 and 1688 MeV are strongly ex-

cited atallour angles for allincident momenta. exc;ept 3 GeV Ic. The 

1238,:,MeVpeak, on, the other hand, decreases rapIdly as either the in-

,cident energy or the momentum transfer increases. We find no evidence 

for the enhancement near 1410 MeV whi.ch has been observed at lower 

3-7 I' momentu~ transfers.' Finally, at 3 GeV C we see the enhancement 

near the inelastic kinematic limit (M4 ::::: 1100 MeV) that has been at

tributed
2 ,7 to detection of the decay protons from N':({1238) isobars pro-

ducedwith nucleons. 

B. Breit-Wigner Fits 

To obtain a quantitative measure of the nucleon isobar effects 

in our data, we made least-squares fits to the spectra, using a sum of 

Breit-Wigner resonant forms plus a polynomial representing the non-

resonant background: 

H· :.L 
{6} 
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In this equation, HAl MJ., rJ-, and the coefficients of the polynomial 

P(M4 ) are variable parameters; the sum extends over the pe~ks near 

1238, 1512, and 1688 MeV provided that such peaks are apparent in the 

data. For each spectrum the order of the polynomial was increased 

until a satisfactory fit was obtained; in particular, that fit was chosen 

for which no further significant improvement in X 2 was obtained by in-

creasing the order of the polynomial. From these fits were obtained 

sets of parameters--mass M, full width r, and height H--to charac

terize each peak. The quantitative study of N~:~ production is made in 

terms of these parameters. 

A search was made for dependence of the mass and width of 

each isobar peak on the incident energy or the momentum transfer or 

both. Shifts could arise from 'differences in the dynamics of the pro-

duction and decay of a resonance or from the superposition of more 

than one resonance in any peak. After our resolution was unfolded, no 

significant dependence of mass or width on the kinematics was found. 

Hence for each isobar a best value of mass and width was found by 

averaging all the independently determined values. 
::.: 

For the N (1238), 

a correction of23 MeV, as estimated by Jackson, 22 was applied for 

the well-known fact that the peak does not occur at the true mass of the 

resonance. The average masses and widths are given in Table II. 

The position of each peak on the missing-mass scale is very 

well determined (about ± 3 MeV) by the fitting procedure; the dominant 

uncertainty in mass arises from random errors in the mass scale 

itself. These errors were estimated from the spread in the proton and 

deuteron Inas s deternlinations (see Section III A) and are in a sense 
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checked by the self-consistency of the mass determi:hations from the 

various spectra. For the 1238 -Me V erihan'cement an additional un

certainty of ± 5 Me V in the ," Jackson cor J:"~Ction" is as~umeci • 
.' .... 

- \ "l ~ 

Unlike the mass at a peak, ~hewidth'<is not determined pre-

cisely by the fitting procedure. The reason is that the polynomial 

background is' too "accommodating": a decrease in the background in 

conjunc-tion with an in~'rease in thehe-ight (and simultaneously th~ widfh) 

of a peak does not greatly affect the goodness of f~t,. ,The :,errorsin the 
. ~ ;:~ .. : .. ~ ..... ;,~~l:'~ .,', 'to • 

widths as estimated by the fitting procedure are ;typical~y about 15 MeV. 

These errors are compounded with the estimateduhcertainty in un

folding our resolution before forming the ~eighted ~verages of Table lI. 

c. Differential Cros s Sectionsi6r N~:< Production 

The large and correlated errors ·ih,the height and width of a 
, ' " ~, '. ' ;:~, 

peak:wsuld lead to great uncertainties inq<3.:·~qllating the production 
; :: ,t! ~. "\:, .Y'::'_ . . 

cros s· ~:ections (proportional to height times width) from the Breit-

Wigner parameters. Therefore, using Eq. (6), we made additional 

fits in which the isobar widths \vere fixed at the average values given in" 

Table II. With this procedure the uncertainty in the background poly-

nomial was considerably reduced. 

The N~:< production cross sections were determined from the 
! 

, area under the corresponding peaks, evaluated from the Breit-Wigner 

parameters of the fixed-width fits. The errors were propagated from 

the error ITlatrix of the paraITleters, a procedure that takes into account 

the uncertaintie s in background subtraction. The values for 7.0 and 7.1 

GeV Ic include an additional uncertainty arising ir,om the randonl errors 

in measuring the incident beam intensity. as described in Section II B. 

.:t. 
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Systematic errors in the absolute normalization are not included. It is 

estimated that systematic errors in measuring the incident beam in-

tensity and in calculating the solid angle contribute a ± 7% uncertainty 

and that errors in the average widths used in our fitting procedure (see 

Table II) contribute an additional ± 10% uncertainty in absolute normali-

zation. 

The cros s sections are presented in Tables Ill, IV, and V and 

in Fig. 13. 
... 7 

The data of Blair et al. at lower momentum transfers and 

comparable energies are represented by the solid lines in Fig. 13. 
t 

Some general features of the cross sections at medium and 

high momentum transfers are the following. The cross sections for all 

isobars, like the elastic cross section, decrease rapidly with energy. 

For the isospin 1/2 states N':~(1512) and N':~(1688)the production cross 

sections show similar behavior: both are slowly varying as functions 

of momentum transfer; at 90 deg c. m. they are significantly larger 

than the.elastic cross section. The cross section for. the 1238-MeV· 

resonance, like the elastic cros s section, falls more steeply with 

momentum transfer. 

V. DISCUSSION OF RESULTS 

Hagedorn has extended the statistical treatment of proton-

proton elastic scattering to arbitrary two-body processes pp - AB 

near e = 90 deg at high energy. 11 For pp - pN':~ he makes the 
c.m. 

prediction 

dO" 
<It 

KpN':~ 

K 
pp 

pp elastic' 
(7) 
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where Q' is the Clebsch-Gordan coefficient for projecting the final pN~,c 

isospiri state on the pure I = 1 initial state, J N~~ is the isobar spin, 

KpN~~ is a kinem.atical factor involving center-of-m.ass quantities in the 

f " 1 d" b d h f the pN* final state. 1na state,' an p N~:~ 1S. two- 0 Y P ase space or 
, "p 

The~'e are no:adjustable param.eters in Eq. (7). 

In com.paring the predictions of (7) with our m.easurem.ents, 

we have used them.easured elastic cross sections (Figs. 5 and 6) 

rather than those predicted from. the statistical m.oCiel;11 and we have 

assumed that the 'observed peaks at 1512 and 1688 MeV a're caused by 

single I = 1/2 isobars of spin 3/2 and 5/2, respective~y. 

In Fig. 14 the predictions for isobar' production are com.pared 

with o~r observed results ne~r 8 :: 90 deg.The com.parison indi-. . c. m.. 

cates that the m.odel is at least partially successful •. Although the 

.' '. -.' . 
absolute norm.<!l-lization is wrong, the energy dependence of the cross 

. -',. ". '. * ' * . * 
seCtibnsand the relative am.ounts of N(1238), N(1512), and N (1688) 

production are approx~m.a:tely reproduced by the m.odel. The absence 
.... ~ . 

of other known isobars from. our spectra constitutes weak evidence 

against the statistical m.odel. . *' * The N (1410) and N (1920) are in m.ass 

regions where they could be observed in this experim.ent; but the pre

,dicted cross sections are sm.all. The N*(1410) is suppressed relative 

~ . ", * • 
to the N" (1512) and N (1688) by the spin factor, and the N-'"(1920) is 

suppressed by the isospin Clebsch-Gordan factor. In addition the 

* - * ' expected large widths for bothN (1410) and N (1920) would m.ake them. 

difficult for us to locate above background. Our data probably do not 
.... 

rule out, N""(1920) production in accordance with the model; but we 

, , . * 
estim.ate that we would have detected the N (1410) if its cross section, 

,i 
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were as large as half that predicted by the statistical lTIodeL. 

It should be pointed out that at our energies the kinelTIatic 

factors in Eq. (7) are relatively insensitive to the final-state baryon 

lTIas ses. Thus any lTIod'71 that predicted variations in isobar production 

cross sections in accord with the relevant spin-isospin statistical fac-

tors would COlTIpare silTIilarly with these data. For exalTIple, it is 

clear that whatever the details of the interaction at large lTIOlTIentUlTI 

transfers, sufficient excitation to produce any of the lower baryon 

states should occur. Hence a lTIodel based on the notion of "nuclear 
.. . 23 
democracy" lTIight result in silTIilar predictions. 

In order to describe the kinelTIatic dependence of our lTIeasured 

cross sections we have generalized the phenolTIenological forlTIula 

which Akerlof et al. 16 used to fit elastic pp scattering at 8 = TI' /2 
c. lTI. 

(although, as they note, persistence of their functional forlTI at high 

energies would violate the lower analyticity bound of Cerulus and 

Martin
24 

and Kinoshita 25). A conceptual difficulty in using p 12 (or p 1) 

to describe inelastic two-body processes is that P1 is different for the 

direct and the inverse. processes. A suitable generalization of P1
2 

in 

terlTIS of the MandelstalTI variables is provided by the function 

v == - [tu/ (t + u)] , 

where t = (;e1 - p ) ,.,3 

and 2 u = (,e -£4) 

For elastic scattering, 

2 = 2 
-2p (1 - cos 8) 

= _2p2 (1 + cos 8). 

2 
v == Pl. 

For inelastic processes v has the following desirable properties that 

2 of ° I p 1 l'naUl ests for e astic scattering: it is sYlTIlTIetric under interchange 

of the initial-state protons, it takes the salTIe value for the inverse 
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process, and ,it reduces to (-t) for small It I. 

We find that a function of the form 

dO'· . / . <It = B exp(-v v O) ( 19) 

usually provid~Bgood fits to our differential cros s sections at fixed 
"',:." . . - .', 

energy, as is shown in Figs. 15 through 18. The exponential slopes 

vary systemati~ally with energy and depend on the p~rticular reaction 

under conside;ation in the manner shown in Fig. 19. An understanding 

of these variation~ must await a detailed theory applicable over a wide 

range of momentum transfers at intermediate energies. But a striking 

fea.ture of Fig. 19 is the tendency of ~ll the slopes toward th~' same 

. 2 . 
value (v 0 ::::: 0.4 GeV ) at the upper end of oui' energy range. This 

regularity is consistent with the spirit of the Wu- Yang hypothesis. 

A possible source of deviations from the isospin weights pre-

dicted by Eq. (7) is the electromagnetic interaction. Observing that 

the ep elastic scattering cross section falls with -t at about half the 

slope of the pp elastic cros s section, Wu and Yang suggest that the 

explanation is that the latter process involves two, instead of one, 

extended objects that can "break~up" in an energetic collision •. 17 

Study of isobar production cros s sections at higher energies and larger 

momentum transfers might help to resolve these questions. 

.i 
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Tabie I. Differential' Cros s Sections for ,pp -+ pp. 

Nominal Pi 
(GeV Ic) 

,;,3.0 , 

5.0 

Correctedp 1 
(GeV Ic) 

2.98 
2.98 
2.98 
2.98 
2.98 
2.98 
2.98 

- ' ; 

2.98 
2.98 
2.98 

3.98 
4.01 
3.98 
4 0 01 
4.01 
4.01 
4.01 
4.01 

4.98 
5.01 
5.01 
4.98 

-5.01 
4.98 
5.01 
4.98 
4.98 
5.05 
4.98 
4.98 
4.98 
4.98 
4.98 
4.98 
4.98 

-t 2 
(GeV ) 

0.27 
0.39 
0.58 
0.68 
0.79 

- 0.94 ( 
0.94 
1.34 ' 
1. 75 
1.98 

0.48 
0.49 
0~54 -
0.69 
1.18 
1.61 
2.23 
2.85 

0.73 
0.75 
0.75 
0.83 
0.84 
1.03 
1.04 
1.52 
1.76 
1.80 
2.80 
3.08 
3.23 
3.59 
3.64 
3.64 
3.80 

dO' 
CIt 2 

(mh/GeV ) 

(1.6,±0.4-:) X 10+1 

'(8.9±0~7)X 10+0 
.'. +0 

(3.2 ± 0~2) X 10+0 (2.-1 ± 0.2) X 10 
(1.48 ±0'.09) X 10:~ 
(1.06 ±0.05) X 10+0 
(1.05±' 0.05) X 1~ 

_. (6~~.± 0.3) X 10_:
1 

(4.7 ± 0.3) X 10_1 ,(4.3 ± 0.2) X 10 

(4.9 ± b.3)'X 10:~ 
(4.5 ± 0 0 3) X 10+0 
(3.2 ± 0.2) X 10+0 (1.6 ± O.1)X 10_1 
(3.2 ± 1.0) X 10 
(1.88 ±0.07) X 10-

1 

(8.7 ±0.4) X 10-2 
- -2 (5.9 ± 0.2) X10 

(9.5 ± 0.6) X 10-1 

(1.05 ± 0.08) X 10+0 '. 
(1.07 ± 0.08) X 10+0 

' (6.3 ± 0.4) X 10-1 
(7.1 ± 0.5) X 10-1 

(3~2 ± 0.3) X 10-1 
(3.3 ± 0.2) X 10- 1 

(1.0 ± 0.1) X 10-1 

(6.4 ± 0.5)X 10-~ 
(6.0 ± 0.3) X 10-
(2.1 ± 0.1) X 10-2 

(1.98 ± 0.07) X 10-2 

(f.68 ±0.04) X ~2-2 
(1.5:1:0.1)X10 . 
(1:64 :I: 0.04) X 10-2 

(1.47 ± 0.07) X 12-2 

(1.9 ± 0.2) X 10-
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Table I. (continued) 

dO" 
Nominal Pi Corrected Pi -t CIt 2 
(GeY Ic) (GeY Ic) (Gey2) (mb/GeV ) 

6.0 6.07 1.09 (2.0 ± 0.2) X 10-1 

6.08 1.23 (1.23 ± 0.09) X 1fo1 
6.08 1.51 (5.7 ± 0.3) X 10-
6.08 1.83 (2.9 ± 0.2) X 10-2 

6.08 2.18 (1. 7 ± 0.1) X 10-2 

6.08 2.18 (1.7 ± 0.2) X 10-~ 
6.08 2.18 (1.7 ± 0.2) X 10-
6.08 2.51 (1.21 ± 0.06) X 1~-2 
6.08 2.85 (9.3 ± 0.6) X 10-
6.08 3.32 (6.2 ± 0.3) X 10-3 

6.08 3.90 (4.5 ± 0.2) X 10-~ 
6.08 4.44 (3.1 ± 0.2) X 10-
6.08 4.66 (3.1 ± 0.1) X 10-~ 
6.07 4.66 (3.0 ± 0.2) X 10-

3 6.07 4.67 (3.;2 ± 0.1) X 10-

7.0, 7.1 7.07 1.42 (5.3 ± 0.6) X 10-2 

7.16 1.58 (3.4 ± 0.4) X 10:~ 
7.16 1.81 (2.1 ± 0.2) X 10 3 
7.16 2.37 (7.5 ± 1.0) X 10-

3 7.16 2.71 (6.2 ± 0.7) X 10-
3 7.08 3.16 (3.9 ± 0.5) X 10-

7.07 4.36 (1.5 ± 0.2) X 10:~ 
7.08 4.46 (1.1 ± 0.3) X 10 3. 
7.08 4.63 (1.1 ± 0.3) X 10-

4 7.08 5.67 (6.3 ± 0.7) X 10~ 



Table II. 

,symbol 

N~:< (1238)' 

N~!«1512 }, 

N~!«1688} 
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Average m.assesand full wi~ths of spectral peaks. 

Mass r 
(MeV) (MeV) 

1240±6 102±4 
-_ .. --- --- ------ - ~--~-

1S08±2 92±3 

1683±3 110±4 

0-;, 
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Table III. Differential cross sections for pp -pN~:~(1238). 
dO" 

Nominal P1 Corrected p 1 -t 2 CIt 2 
(GeVjc) (GeVjc) (GeV ) (mb/GeV ) 

3 

4 

5 

6 

2.98 
2.98 
2.98 
2.98 
2.98 
2.98 
2.98 
2.98 

3.98 
3.98 
4.01 
4.01 
4.01 
4.01 
4.01 

5.01 
5.01 
5.01 
5.02 
5.05 
4.98 
4.98 
4.98 

6.08 
6.08 
6.08 
6.08 
6.08 
6.08 
6.08 
6.08 
6.08 
6.08 

7.07 
7.16 
7.16 

. 7.16 
7.16 
7.08 
7.07 

0.26 
0.29 
0.37 
0.64 
0.74 
0.88 
1.26 
1.63 

0.45 
0.51 
0.64 
1.12 
1.52 
2.12 
2.65 

0.70 
0.80 
0.99 
1.46 
1. 72 
1.91 
2.67 
3.08 

1.03 
1.16 
1.44 
1.75 
2.08 
2.40 
2.73 
3.18 
3.75 
4.25 

1.33 
1.50 
1.72 
2.27 
2.60 
3.05 
4.22 

+0 (1.5 ± 0.2) X 10_1 
(9. ± 1. ) X 10_1 (9. ± 1. ) X 10_ 1 
(3.9 ± 0.4) X 10_1 
(3.9 ± 0.4) X 10_1 
(3.1 ± 0.3) X 10_1 
(1. ± 0.2) X 10 
(1.5 ± 0.2) X 10-1 

-1 (4.1 ± 0.4) X 10_
1 (2.5 ± 0.2) X 10_1 (1.8 ± 0.2) X 10_2 

(4.4 ± 0.9) X 10_2 
(2.4 ± 0.3) X 10_2 
(2.1 ± 0.2) X 10_2 (2.1 ± 0.2) X 10 

-2 {7.6 ± 0.8} X 10_2 
{4.3 ± 0.6} X 10_2 
(2.4 ± 0.3) X 10_2 
{1.2 ± 0.3} X 10_3 {5. ± 1. } X 10_3 
{9. ± 1. )X 10_

3 
(3.5 ± 0.5) X 10 ~3 
(2. ± 1. ) X 10 

-2 (1.1 ± 0.3) X 10_2 
(1.1 ± 0.3) X 10_3 (9. ± 3. ) X 10_3 
(6.6 ± 0.9) X 10_3 
(5. ± 1. ) X 10_

3 (3.0 ± 0.6) X 10_3 (2.1 ± 0.4) X 10_4 
(9. ±" 1. ) X 10_ 4 
(5.± 1. ) X 10_4 (4. ± 2. ) X 10 

-3 
(8. ± 3. ) X 10 -3 
(5. ± 1. ) X 10_

3 (4.2 ± 0.8) X 10_
3 

. (2.6 ± 0.9) X 10_3 
(1.1 ± 0.5) X 10_3 
{i. ±0.6)X10_4 
(2.5 ± 0.9) X 10 
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';'> 

Table IV. Differential cross sections for pp - pN*(1512). 
t:7 

dO-
Nominal p 1 Corrected P1 -t cit ·2. , .. 

(GeV Ic) . (GeV I c) (Ge V
2

) . (mb/GeV ) 

4 3.9B 0.44 
-1 

(2.5 ± 0.4) X 10_ 1 
3.9B 0.50 (2. ±0.2)X10_ 1 
4.01 0.62 (1.5:i: 0.2) X 10_ 1 4.01 1.06 (1.5 ± 0.2) X 10 
4.01 1.43 (1.20 ± 0.09) X 10- 1 

4.01 1.99 (9.2 ± 0.6) X 10-2 

4.01 2.05 (1.22 ± 0.09) X 10- 1 

5 5.01 0.67 (1. ± 1. ) X 10- 1 . 
5.01 0.76 (1.05 ±0.09) X 10- 1 

5.01 0.94 (B.B ± 0.6) X 10-2 

5.02 1.3B (7. ±1.)X10-2 

5.05 1.61 (5.2 ± 0.6) X 10-2 

4.9B 1. 79 (5.7 ± 0.5) X 10-~ 
4.9B 2.49 (3.7 ± 0.3) X 10=2 
4.9B 2.B3 (3. ± 1. ) X 10 
4.9B 2.B6 (3.1 ± 0.5) X 10-2 

4.9B 3.14 (2.5 ± 0.5) X 10-2 

6 6.0B 0.9B ( 6 . 6 ± O. 6) X 1 0 - ~ . 
6.0B 1.10 (6.3 ± 0.6) X 10-

2 6 .• 0B 1.36 (5.9 ± O.B) X 10-
6.0B 1.65 (3.2 ± 0.3) X 10-2 

6.0B 1.97 (2.B ± 0.4) X 10-~ 
6.0B 2.27 (1.9 ± 0.2) X 10-

2 6.0B 2.5B (1.4 ± 0.1) X 10-
6.0B 3.00 (1.07 ± 0.07) X 10-2 

6.0B 3.52 (B.2 ± 0.6) X 10-~ 
6.07 3.B9 (7. ± 1. ) X 10-
6.0B 4.02 (6.4 ± O.B) X 10-3 

7, 7.1 7.07 1.27 . (3.5 ± 0.5) X 10-~ 
7.16 1.43 (2.9 ± 0.4) X 10-
7.16 1.64 (2.0 ± 0.3) X 10-2 

7.16 2.16 (7. ± 1. ) X 1 O-~ 
7.16 2.47 (7. ± 1. )X 10-
7.0B 2.B9 (3.2 ± O.B) X 10-3 
7.07 4.01 . X 3 (2.3 ± 0.4) 10,-
7.0B 5.01 (1.3 ± 0.3) X 10-3 
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Table V. Differential cross sections for PP -+ pN~!«16BB). 
~, da 

Nominal Pi Corrected Pi -t crt 2 
(GeV Ic) (GeV I c) (Ge'V2 ) (mb/GeV ) 

4 3.9B 0.47 6 -1 (6. ± 0.9) X 10_1 
3.9B 0.52 (3.4 ± 0.3) X 10_

1 
4.01 0.64 (4.5 ± 0.4) X 10_1 
4.01 1.05 (2.3 ± 0.3) X 10 1 
4.01 1.40 (1.6 ±O.1) X 10-
4.01 1.93 (1.29 ± 0.09) X 10-1 

5 5.01 0.67 
-1 

(2.3 ± 0.2) X 10_ 1 
5.01 0.75 (1.B ± 0.2) X 10_ 1 
5.01 0.92 (1.2 ± 0.1) X 10 
5.02 1.33 (9. ± 1. ) X 10-2 

5.05 1.55 (7.B ± O.B) X 10-2 

4.9B 1. 73 (7.4 ± 0.7) X 10-~ 
4.98 2.39 (5.1 ± 0.4) X 10-
4.9B 2.74 (4.3 ± O.B) X 10-2 

6 6.0B 0.95 
-2 

(9.3 ± O.B) X 10 2 
6.0B 1.07 (B.9 ± 0.9) X 10-
6.0B 1.32 (5.B ± O.B) X 10=~ 
6.0B 1.59 (4.3 ± 0.4) X 10 2 
6.0B 1.90 (2.9 ± 0.4) X 10:2 
6.0B 2.1B (2.0 ± 0.2) X 10_

2 
6.0B 2.47 (1.3 ± 0.1) X 10 
6.0B 2.BB (LOB ± O.OB) X 10-2 

6.0B 3.3B (7.7 ± O.B) X 10-3 
6.0B 3.B5 (B. ± 1. ) X 10-3 

7, 7.1 7.07 1.23 
-2 

(5.0 ± 0.7) X 10_ 2 
7.16 1.3B (4.5 ± 0.6) X 10 2 
7.16 1.59 (2.B ± 0.4) X 10-

2 7.16 2.0B (1.0 ± 0.2) X 10-
7.16 2.3B (7. ± 1. ) X 1 O-~ 
7.0B 2.79 (4. ± 1. ) X 10-
7.07 3.B6 (2.4 ± 0.4) X 10-3 
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FIG URE CAPTIONS ' 

Fig. 1. Schematic diagram of the experimental apparatus. In the 

drawing B i repre sent bending magnets , Q lare quadrupole magnets, 

Sl,are scintillation couhters. and C...Lare Cerenkov counters. C 1 and 

C
2 

are lowet,e:~;~<::Lut of the beam when not in use. 

Fig. 2. Traje6t6rl~s of charged particles through the beam optical 

system. In the plan view parallel rays are'traced; in the elevation 

view rays emanating from a point on the target are shown. These 

rays illustrate the focusing conditions for central-molnentum parti-

des. 

Fig. 3. The geometry of the scintillators. S2 and S3 are in coincidence 

with H.J..and A is in anticoincidence. 

Fig. 4. Results of a typical elastic peak run. This spectrum was ob-

tainedat 5 GeV/c and 8
3 

= 10.3 deg. 

Fig. 5. Differential cross sections for elastic proton-proton scattering 

resulting from this experiment. Here and throughout this paper, 

error bars that are not shown are smaller than the size of the points. 

Fig. 6. Comparison of our elastic data with those of Clyde et al. (Ref. 

14) at (a) 3 GeV/c. (b) 5 GeV/c. (c) 7 GeV/c. 

Fig. '7. Missing mass spectra at (a) Pi = 6 GeV/c. 8 3 = 10.26 deg, 

(b) 7 GeV/c, 10.07 deg, and (c) 7 GeV/c, 13.49 deg, illustrating the 

r' , -
rack of structure above the peak near 1688 Me V. 

Fig. 8. 'Missing mass spectra at 3 GeV/c and lab angles of (a) 10.19, 

(b) 10.91, (c) 12.30, (d) 16.90, (e) 18.36, (f) 20.36, (g) 25.42, and (h) 

30.48 deg. All the spectra are ?lotted to the same scale, with suc-

t. 4 cessive spectra displaced ve.rtically by equal increments of2 mb/ON • 

,-
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The solid curves are background estiITlates calculated with the fitting 

procedure of S~ction IV C. The sITlall narrow peak between 1500 and 

1600 MeY, especially noticeable in (d) through (f), is attributable to 

f h . +d pions rOITl t e reacilon pp -. TT 0 

Fig. 9. Missing ITlass spectra at 4 GeV/c and lab angles of (a) 10.19, 

(b) 10.90, (c) 12.31, (d) 16.,89, (e) 20.40, (f) 25.45, and (g) 30.55 deg. 

All the spectra are plotted to the saITle scale, with successive spec

tra displaced v~rtically by equal increITlents of 0.5 ITlb/GeV
4

. The 

solid curves are background estiITlates calculated with the fitting 

procedure of Section IV C. 

Fig. 10. Missing ITlass spectra at 5 GeV/c and lab angles of (a) 10.24, 

(b) 10.96, (c) 12.34, (d) 15.42, (e) 16.84, (f) 18.32, (g) 22.83, (h) 

25.26, (i) 27.65, and (j) 29.99. All the spectra are plotted to the saITle 

scale, with successive spectra displaced vertically by equal incre-

4 
ITlents of 0.2 ITlb/GeV. The solid curves are background estiITlates 

calculated with the fitting procedure of Section IV C. 

Fig. 11. Missing ITlass spectra at 6 GeV/c and angles of (a) 10.26, 

(b) 10.95~ (c) 12.34, (d) 13.86, (e) 15.42, (f) 16.84, (g) 18.32, (h) 

20.31, (i) 22.81, (j) 25.27, and (k) 27.76 deg. All the spectra are 

plotted to the saITle scale, with successive spectra displaced verti-

4 
cally by equal increITlents of 0.05 ITlb/GeV. The solid curves are 

background estiITlate s calculated wi th the fitting procedure of Section 

IV C. 

Fig. 12. Mis sing ITlas s spectra at 7 Ge V / c and lab angles of (a) 10.07, 

(b) 10.59, (c) 11.48, (d) 13.49, (e) 14.65, (f) 16.44, (g) 20.58, and 

(h) 25.47 deg. All the spectra are plotted to the same scale" with 
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succe s sive spectra displac:ed vertically by equal increments of 

/
. 4 

0.05 mb GeV . The solid curves are background estimates calcu-

lated with the fitting procedure of Section IV C. 
.', 

Fig. 13. Differential cross ,sections dO' /dt for production of (a) N'" 
... 1; .. I ... 

(1238), (b) N"'(1512), and (c) N"'(1688) vs (-t), the squared four-

momentum transfer, at 3, 4, 5, 6, and 7 GeV/c. The straight lines 

are fits to the data of Blair et al. (Ref. 7) at the indicated momenta. 

Fig. 14. Comparison of our N~:~ production cross sections near e 
c. m. 

= 90 deg with the predictions according to the statistical model of 

Hagedorn (Ref. 11). 

Fig. 15. Differential cross sections forpp elastic scattering vs v at 

(a) 3, (b) 4,(c) 5, (d) 6, and (e) 7 GeV/c. The straight lines are 

least-squares fits to the data away from the diffraction peak. The 

reason for this choice of independent variable is explained in the 

text. Note that the vertical scale is displaced by a decade between 

successive curves. 
", 

Fig. 16. Differential cross sections for the process pp -- pN"'(1238) 

vs v at (a) 3, (b) 4, (c) 5,(d) 6, and (e) 7 GeV/c. The straight 

lines are least-squares fits to all the data. Note that the vertical 

scale is displaced by a decade between successive curves • 
.. ,,.; 

Fig~ 17. Differential cross sections for the process pp -- pN"'(1512) 

vs vat (a) 4, (b) 5, (c) 6, and (d) 7 GeV/c. The straight lines are 

least-squares fits to all the data. Note that the vertical.scale is 

displaced by a decade between successive curves. 
.., 

Fig. 18. Differential cross sections for the process pp -- pN"'(1688) 

vs v at (a) 4, (b) 5, (c) 6, and (d) 7 GeV /c. The straight lines are 

p 
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least-squares fits to all the data. Note that the vertical scale is 

" 
displaced by a decade between successive curves. 

Fig. 19. The slope parameters of the fits shown in Figs. 15 through 

18 as functions of the incident momentum. 
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of Government 
nor the Com~ 
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 infrin'ge privately owned crights; or 

B. Assumes anyliabili ties 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 behal f 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. 
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TO: 

FROM: 

SUBJECT: 

UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

AEC Contract No. W-7405-eng-48 

ERRATA 

All recipients of UCRL-17763 

Technical Information Division 

UCRL-17763 
Errata 

March 26, 1967 

UCRL-17763, "Nucleon Isobar Production. in Proton-Proton 
Collisions- be~ween 3 and -7 GeV I c, II C. M. Ankenbrandt, 
A. R. Clark, B. Cork, T. Elioff, L. W. Kerth, and W. A. 
Wenzel, January 2, 1968. 

Please correct subject repo'rt as follows: 

Cover, title: Change "GeV I v" to GeV I c. 

Page 15, line 20 should read: the elastic scattering region. In order to 
obtain the elastic ... scattering.- --

Page 23, lines 21, 22, and 23 should read: 

where 

and 

2 
t := (p - P3) _1 _ 

2 
u = (p - p ) . _4 

For elastic scattering, 
222 

v == Pl' t =-2p (1 - cosB), u =,.;2p (1+ cos B). 




