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ABSTRACT
A systematic study has been made of the reactions PP vpp

°

and pp ~ pN in thé angular rangg from elab = 10 deg to OC m. : 90 deg
at 3, 4, 5, 6, and 7 GeV/c, "An orthogonal dispersion magnetic spec-

trometer detected protons from interactions in hydrogen with momen-

tum transfer (-t) in excess of 0.5 (B_eV/c:)Z. Well-defined peaks in the

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

1508 = 2, and 1683 = 3 MeV wi‘th average full widths of 102 % »4, 92 :!:'3,

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

v : % ) . L .
- enhancements were found. The N production cross sections do /dt

= 90 deg are in qualitative agreement with the predictions

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

varies
0 Ve

: s‘yster'naﬁca_llvaith energy and tends toward the same value [*0.4 (GeV)Z]

for eéch_ isobar at thevupper limit of our en-ergy range.



e UCRL-17763

L INTRODUCTICN
A good empirical description of N* production at low momentum
transfer in high energy proton-proton collisions,
pp > PN, N )
» hés emerged from recent experiments. 1-17 The main featu_res of the
data are the following: |
(a) An enhancement near 1410 MeV has been obsei‘ved at ‘low momen-
tum transfers. 3-7 This is usually interpréted as a P11 state (''Roper
resonance”s) produced coherentlgr, alth'ou.gh‘sor'ne contribution m.ay come
from kinematic effects, |
(b) The“higher—fnass resonances above 1688 MeV are not copiously.
 produced at presently available energies.:i’ 2,4,6,7
" (c) The total production cross sections at high energy are réughly
constant for the T = 1/2 isobars but fall with increasing energy for the

6 The N*('1238)' and N*(1512) total production cross

T = 3/2 N¥(1238).
s.ectibn.s manifes.t peaks near their production thresholds.

(d) Th’é siopés of Fhe differential prodﬁction cross sections (g—g- vs t)
at low momentum transfer vary from about half to ab§Ut twice that of
‘ihe élastic cross section. 3’.6’ v

Unlike the situation at low fnomentum' transfers, the infor-
mation on reaction (1) at medium and high momentum transfers
[-t Z 0.5 (G_eV/c)Z] has been confined to a‘ few isolatéd data points. 2:5,6
The goal of the experiment reported here was a sy'stemafic survey of
N* éroductio-n at relatively high momentum transfers. ? vThe 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 production cross sections for various isobars
provide a direct test of the fundamental assumption of the statistical w

model, that final states are produced in proportidﬁ to their intrinsic
R , ' _ e
statistical weights. As developed by Fast, Hagedorn, and Jones, 10, 11

the model h'aS‘ been applied with qualitative success to the déscription

of pp"ela'vs'tic écatterihg at ‘ec.n.l., ~ /2. Orear has suggeste‘d an em-
pirical generalization to incfude center-of-mass angles different from
w/Z. 12’ 13 He _finds that a qualitatively useful fit to the dafa is given by
do _ A B | |
s

X T s exp(-ap))

with A = 595 + 135 GeVZ_ mb/sr and 1/a = 158 + 3MeV/c, where

A 2 2 _ L :
s _Ec.m. = 4(p +Mp ) and p; = p sin ec.m."’

However, this eX_pression and the prediction of the statistical

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

‘tering data covering a wide range of incident momenta. 14-16 In fact,

the elastic scattering cross section for 6. = n/2 is fitted rather

well by a phenomenological mbdel'“_’ that uSes a set of exponentials in

2

pl. The absence of "Ericson fluctuations"

iﬁ elastic scattering also -
appears to contvradict. the ,p_redicﬁons of the statistical model. 15
Wu a_rid.Ya.n.g have given reasons for expecting_thé.t the high-;
energy depehdence at ﬁxec.“l angle for a variety of cross sections may . i

¢

be similar. 17 Specifically they suggest that

e ) do & do s o
glimg | 4n xy (0, pp > pN")/In g (6, 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 dependence in (2), it is



-3- | UCRL-17763

unlikely that a very severe test is possible at the energies presently

évailable,

“II. EXPERIMENTAL METHOD AND APPARATUS

A. Introduction

The experiment employed the mis sing-ma.ss method to mea-
sure N* mass spectra indirectly, Application of the laws of conserva-
tion of energy and momentum to a reaction of the form

-m1+ mz -> m3+m4,
involiring particles or particle systems of invariant mass m;, total

energy E;, and momentum pPi» yields the result

2 2 2 : 2
]I):l4 =E4. V-R4 =(E.1+EZ-E3) -(R1+BZ.-R3

)2

 In the laborétory sysfem, in which particle 2, the target, is at rest,.
this reduce,svto
' m42 =m12 fmzz fm32 +2[p1p3 cos 93 - (E1 +vm2)(E3 -mz)] ,

where 93 is the lab angle between R4 and B3 Thus for a kinematically
well-defined initial state, measurémeﬁt of the momentum'and: angle of
: particie 3, together with a knowiedge of its maés_ mg, suffices to
~determine m,, the "missing mass. ' |

The orfhogonal dispersion sp’ectrémeter used her-¢ has been
described previously. 18 Through the use of a quadrupole lens and a
verticai maghnetic deflection, the- spectrbméter relates the production
angl_‘e 93 a;nd. the momentum Py of a secondary proton to its horizontal

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

above equation, then, independent of horizontal source size, a given
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missing mass m corresponds to a line in the focal plane; 0.3 and Py
‘vary slightly along the line so as to keep m, constant, Hence a single
h‘odoscope in the focal pléne was used to measure the missing-mass
s‘pectr_um‘,*; For this. reaéon it was possible to use a small computer .
with a mlmmum of logic to accumulate the data requi'red»f‘o_vr the éxperi-

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 prdton beam
~ (EPB) of the Bevatron. The optics and georﬁetry of the EPB have been
described elsewhere. 17
In the vertical pla.ne the beam wa;s'i‘rnéged to a Q;Z-in. | spot at
: fhé :targket, Because the V'e'r'tical position and sp0f size of the beam af-
fé_éct the measureﬁient of the scattered momentum f>3, the‘ position of the
béérﬁ was éheckéd per’ivc;divcally between runs by remotel&r.viewin‘g a
s_cintillatérI that could be pqéitioned behind the target..l‘ Becausé angular
ergofs inr thé.Ahorivz-ontal direction of the incident beam directly affect

the measurement of the scattering angle 6 the horizontal angular

3’
sprevad of the beam at the farget was limited to # 0.5'mr through the

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

~ direction of the bearﬁ was continuously monitored downstream from the.

farget 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.

The average beam intensity was of the order of '10'11 protons

L]

o
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per pulsé, with a repétition rate of 11 pulses per minute. Thé spill
" length averaged about 500 msec during Bevatron "flat top" with little
radi.o-ffequehcy'structuré, The intensity was monitored by an ionization
chamber located downstream from the target. The voltage induced on a
éa'pacitor by the collected charge was converted by an analog-to-digital
converter and gutdmatiéally recorded after each Bevatron puise, In the
ea’rly i‘unning at 7 GeV/c, the ion chamber was. foo far down'stream;‘.thve
gbreater beam width at this point adversely affected the reproducibility
of the ion chamber readi‘ngs, For this effect an error of + 10% is a‘p-
plied to these early data. . |

| If was essehtial. that the i)eam moméntum be heid constant af a
‘known value for each set of runs. ~ This was ac.corﬁplished by gating the
scalers on \-av.hen the 'B.evatron magnetic field fell between f_wb pfese’lec-
- ted values. The field was measured by integrating the éurrent induced
1n a cuffént loop. around the Bevatron by‘ the changing magnetic field.
'.I‘vh.e~'range of values accepfedwas usually = 0.2%, matching the resolu-
tion iﬁ scattered momentum.

The liquid hydrogén-—deuterium target was of conventional ’cry.o—:
genic design. The flask, approximately cy}iﬁdrical but wifh rounded
eﬁds, was 4 in., in diameter and 12 in. long in the beam diArectiorvl. It
had sides of Mylar (0.0075 in,) and end domes of alurninunj (0,0055 in,
thick, 3.,5 in. radius)., The incident beam enté:fed aﬁd left the vacuum
jacket through windows of Mylar (0.020 in,) and aluminum (0,011 in.),
respectively. The scattered secon&arieé exited through a tofai of

0.2 -g/cmz of aluminum and Mylar.
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C. Spectrometer Components

In Fig. 1, B

1 and B, are uniform-field ne magnet.s which : N

‘were movable to accept different laboratory-system production angles

-

6'3 between thi limits of 10 and 70 deg. The magnet positions for these

extreme a'ngl:é Care indicated in the figure. The movement of B, and B,

\;va\s' fat.:il'itavtéd.-by use éf air pé’lds, Guide rails aSSured the p"rdpel’"
i'eléti\;e 'avlign_rnevn"; of the magnets. Belllox;vs‘—t'ype plastic'b‘agé, :rhoving.
with the magnets, were filled with Heliﬁm to reducé thé “s‘catterilhg aibng
the beam pa’th.: | |

| Thé\rem'a;ind‘er of the fnagneté_ defined a fixed channel at an
'angie of 14-,de'g to the ‘incidvent beam: When necessary a;' concrete block .
was moVe'd'i‘nto 'po's'itio.n behi‘nd B, to shield the fixed chanﬁel from par-
ticles cbming'diréctly frbm the target, A vacuﬁm pipe bécupied'the -
'.fi'Xe.d ﬁo’rtidn‘(ﬁlf'the beam path, from BI3 thr'..oilgh Bé, vB3 directed the

scattered,p'afti'c:les'down the fixed channel. Magnets By, Bg, and By
were identical "H" magnets which produce.d a total vertical deflection
of 15 deg for a central-momentum particle. All tiae behding magnets
were shimmed té providé rﬁagnetic field path iﬁtegrals uniform to 0.1%
over their apertures. | v
Q, and Q, congtitﬁted a quadrupole c'loublet. with a 7.7_5-11}. -

: diémeter aperture; Q1 focused t'heb beam hOrizonfally and Q2 focused _ w
vertically.b Iﬁ the horizontal plane, particles p.roduced at a given angle
93 vfrom any point on the ta.'rget were'l-foc{lsed fo 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 detec.tic)n system was
located in or near the image plane. The heart of the detection system
was a 2‘8-cou‘ntevr scintillator hodoscope in a plane perpéndicular to the
spectrometer axis at the image plane. Each element was viewed by a
1P21 photomultiplier and had a sensitivé area of 6.75 by 0,25 in, and
thickness of 0.5 in. in the beam direction. The entire vhodoscope could
be rotated afound the vspect‘rometer 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
aber‘ratién and vertical source size are neglected, the momentum and
ahgle of a scattered particle are uniquely determined by the coordinates
of its intefséction with the hodoscope.

In‘ the vertical plane, an image of the beérn spot at the target
is pro'dﬁced at the hodoscope. If the spot éize is neglected? the verti‘cal’_ '
, ¢o_ordinate de'pends only on fhe momentum of fhe particle. For Vsmallv
deviations of the ‘momentum P, from its valt.1e'. p. at the center of the

hbdoscope, we may write
y=D2R | | (3)

“in the Cartesian coordinate system defined in Fig. 2, where D (= 59.2
in, ) is t_he dispersion at the hodoscope and Ap = P3 - P
~ In the horizontal plane Gh represents the projected angle be-

.tween the incident beam direction and the trajectory of a particlé as it

enters the quadrupole. Because the hodoscope lies at the horizontal
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focus of the optical system, the horizontal displacement at the hodo-
scope is given by

x = thGh, . : ‘ o (4)
‘where £, is the horizontal focal length and A, is the deviation of the
:»t"rajectory froth the central ray of angle 9h¢° The focal length fh is

612 in, when 6 9 = 14 deg, and depends only slightly on 93.

The varlatlons in p3 and 93 over the hodoscope are "small;
therefore the missing mass is essentially constant along a line of slope

‘™, where
m = (53?] My E - tan 6;

6 is the angle of rotation required for the hodoscope in order that each
- counter detect the srnallest range of mlssmg masses.
U51ng Eqs. (3) and (4) and letting <I>'1 and <I>2 be the angles of

: 'deflectlon in B1 (or Bz) and B3 respect1vely, we find that

£ | 00,
cotd==| 292, +®, -p ' .
. D 1 2 | 3 '5p3 M

4
T.he range of masses A(‘M42) that a single hodoscope,eletnent
_ a(_:cepts ‘i‘s detea'mined by the rate of chang_e of missing mass in ‘tne
direction nornial to that el‘ement. Explicitly we find
AM,%) = 2p, py (w/f,) sin 6, csc 6
fof a detector of width w. For the conditions of this experiment, AM4

i s typically' about 10 to 20 MeV.
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F.' Particle Detection and Fast Electronics

The particle identification system for this experiment consié-
ted of a‘ scintillator and Cerenkov counter telescope to select particles
of the desired type in the scattered beam. The good reéolving time
of 'the éounter 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,

+ and K+ contamina -

the Cerenkov counters V\;ere not needed because

. tions were small. When not in use, the Cerénkov counters could be _
lowered out of the Scattered beam. Two scintillators SZ and S3 were
placed in coiz.lc_idern_ce with the hodoscope. S3 deﬁned a 6.75-in. ef-
fective iength for each hodoscope element; S, was slightly larger.
Anticoincidence counter A reduced background in the hodos cope light
pipes. The orientation of these scintillators is shown in Fié. 3.

With time resolution ® 20 nsec, master coincidence
E= SZS_3K and secondary coincidenc-es 'hi —EIEHJ.‘ for each hodoscope
cour'xte.r H‘Lwere necp.rded on scalers of six and.three decades respec-

‘ 'tively. An additional six-decade scaler E' summed h;, but provided
Only'a single count in a cése of coincidence within the electronié resql'v-
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 p‘rogress of the exp'eriment
and the performance of the equipment,

The experiment was vdivided into runs according'to the settings
of the variable).‘pa'rameters of the apparatus. For the experiment de-
scribed here 'th"ev‘duration of a run was typically a few minutes. At the

: start of eaCh‘run the position of the rnovable magnets and th"e" magnet
currents for B4BSB6 were read into the computer via-an analog to-.
digital converter. After each Bevatron pulse, the computer read and

reset 30 scalers (H, E, and E') and the integrator for the ion

1-28°
chamber,- The information from each accelerator pulse waswritten

o.n magnetic tape, then added to the previous data stored in the com- -
puter. The 11m1t of 103 per pulse on the hodoscope scalers occas1onally
led to overflow problems, particul_arly at the elastic peak, where the ‘
incident beam intensity often had td be decreased. In a typical case of
overflow, : only the most si‘gnifican_t‘ digit was lost. Because the data_

for each pulse were recorded spearately, occasional overflows could
_llater be identified'and either corre.cted or eliminated by comparing the
sum of the hodoscope counts with the E and E' counts or by checking |
‘the smoothness of the data. 3 ‘

A display oscilloscope prov1ded the main on-line feedback of

data to the experimenters. For example, histograms of the hodoscope .'; :

data, e1ther cumulative or pulse-by -pulse, could be displayed ‘In this
way an almost continuous. record of the progress of a run was available.,
At the end of a2 run a Polaroid photogrv:aph of the cumulative spectrum
‘was usually made, and the accumulated data were typed on a teletype v‘

‘and written on magnetic tape.
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III., ANALYSIS OF THE DATA

A. Analysis of Individual Runs

1. Differential Cross Section

The basic resulté of this experiment are missing-mass spec-
tra for various fixed inéident momenta and lab angles. These spectra
take the form of double differential cross sections (d26/dM42dt) as
functions of Py> 93, and M4¢ The cross sections are given in terms of

experimentally determined quantities by the formula

| 2
2 N \ /Ml e
'—dzl"‘ (pys 03, My = N-Z . z J —%‘2‘—}— » (3)
dM, “dt e A AM, Mo, ¢

where NS = number of protons scattered into lab solid angle AQL
with squared missing mass in the range AM42,
N;= number of incident protons,

A

n, = target thickness in protons per unit area,

Jacobian transformation from lab solid angle QL‘ to

[
N
| NF
N “K)
.
N
1l

invariant four-momentum transfer squared, t,

™ [(Ei + Mz) 63 = Py coOs 63]/(M2 Pi P3 [33)'° |
This section describes the analysis and corrections necessary 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

combined. These data consisted of 30 scaler readings (H'l—-28’ E, E')

"~ and the voltage V proportional to the integrated beam intensity
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(0 < V < 10 volts). In COmbining the data pulse—to-pﬁlse consistency,>
was checked. Data from a pulse were eliminated if’they contained an
vunr-eco‘verable‘sca.ler ovérflow, if they were obviously incohéis_teht with -
‘thoseﬁfrcﬁmxthe_?‘éf.'jc:her pulses, or if V was outside the range 0.5 volt <V
< 9.5 volts, . Each of these requirementé eliminated about 5% of the .

' data. The combined data yielded NS (Eq. 5) for a setv'v of 28, ‘adjacent

mass intervals, N;was détermined from the ion chamber calibration.

.3: 'Kiﬁematics

For each i;ic}dqscope element,‘ the kinematic quant‘itiévs t;hat
enfer Eq. (5) are completely determinéd by the optical ’prop‘ervties‘ of
the spectrbmeter. In preparation for the éxperiment the kinematic -
quantities and the corresponding spectrometer settings (magnet cur-
rents., angle o, and movable magnet position) were éalculated for sets
pf r_LJ;n's at constant Py and 93. Each s.et;v(:()ve,r‘ed overlapbing intervals
' ip M4 to defin¢ a complete rhissing -mass spectll'um,‘ Included in each
set were runs center‘ed at 938, 1238, 1512, and 1688 MeV, the.'nominal :
lécations of elastié and isoBar “peakse |

During the course of the expériment, systematic errors in the
positions of elastjc peaké' wergvev observed. Careful measurement of the
spectfqnﬁeté; georn.etry and fhe magnetic fie.l'd inte'gra.lv’_chroug'h B4B5B6 :
vindicat.ed s_light (< 1%) deviafions from nominal values. | In addit_ion
thé_re were errors of the or‘de.r of 1%'in calculating Py from the inte-
grated Bevatron field, errors of the éafne order 1n determirﬁng py at
_the‘ center of the hodoscope, and uncertainties of the order of a; few mr
in determining 93 from the channel angle 9}; and the horizontal} bending

>

angles,
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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 1'r+d. Hence the momentum scale P3,.
the incident beam direction (93 = 0), and (separately for each incident

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

1
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, Labbrétory-System Solid Angle |
| The calculation of the laboratory-system solid angle subtended
by each hodoscope element used well-known matrix methods of ray
tracing. 20 The matrix representations of the optical elements (magnets
and drift spaces) were adapted from those us'e(i by‘Devlin. 21 In this
meth‘od'fhe'.compone.nts of a ray vector x = (x, x', v, y", Ap/p) are the
deviations of t>he4 ray in pos.ition, direction, and momentum from the
central ray, 'Thevcompu;ter program determined Ayfr, &e acceptance
interval of vertical directions V:I‘ at the target, for a set of rays equally
spaced in Xops X:I" and Ap. For a given run, the solid angle calculation,
which included determination for Ayfr for about 4000 combinations of
Xops x.'T‘, and Ap/p and integratior} over 28 hodoscope elements, re-
quired about 6 seconds of CDC 6600 computer time.

The solid angle was typically ébdut 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



14~ ' " UCRL=17763

unless the angle § was large, |

5. Counting Corrections

. The following three effects were sources of béckgroﬁnd in the
obsérvea proton spectra:
a. Counts in two or more hodoscope eleim‘e'nﬂts caused by a single sec-

ondary particle ('double counts'').

The presence ofé. signifi.cantdnunbr.lbe;' .c;f“doubrlv.e b-c.:oun’té in our
apparatus was indicated empirically by the fact that tile _éurn of the
hodoscope counts consistently éﬁcceeded the number in E' by about :8%.
~ This excess was a measure of the number of times two or more hodo-
scope counts“ occurred within the resolv;ing time of th‘é E' circuitry, v
That aCc:'L‘dental éoincidences between two scattered beam pa'rtiéles did
not account for a signifi-cantvpart of this excess was indicated by direct
eStirﬁates of the éccidental rate and was veriﬁed by the fact that,the
' éxcess was appfoxim‘ately independent of the scattered b‘e.‘a'm ﬂux In
. fact, lestimates indicafe that,th.e following .effects account for rrio.st. of
the excess: passage of a single particle through‘- two h;)doscgpe elé-.
meﬁts (= 0.5%), ‘int.:er.ac'tions of scatterea-QBeam particies in S‘2 and in .
thé\ ho.(.ioséope (= 2%'), and Prqduction of § rays in S, and in the hodo-

: s_copé (v 4%). These effects usually produbed spuriou.s‘ coﬁnts close

- to the original pérticle path, thereby presvc‘er‘ving. the shape of tHé L ,
spectrum; hence the required correction involved simply a ren'o-r‘m'ali—- .
zation and was made by dividing each hodoscope équnt by the observed

ratio of ZH, to E' for each run.

b, Interactions in windows and walls of the hydrogen target,

. .The counting rate with target empty was found to be about 5%
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of the fuli-target rate for a representative small sample of runs. Since
this backgroﬁnd 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. | Tlﬁerefore, after the spectra
observed with target full had been fitted to a backgroﬁnd function plus
peaks, a correc:ti_on was made by. subtracting from the data 5% of the .
value given by the baékground 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 c'mrr_ectioxis and because it contributes a smooth
background (except for the small and readily idéntiﬁed peak from
PP - frr+d)o_ The proton spectra of interest lie near the kinematic limits
‘ of pion and kaon productibn, so that these are either kinema_.tica-ll.y
impos sible or strongly suppressed by the small phase space availab‘le.
- A few direct measurements of pionv 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 séattering fegion in order to obtain tﬁe elastic scattering
cross section and at the same time to evaluate the resolutioﬁ of the
spectrometer, it is assumed that the true peak intensity distribution
for elastic scattering is a Gaussian in My, centered at M, and of width

I'. The background is represented by a polyhomial. This function is.
fitted to’ the measured data by a least-squares fitting program with Mo,v

I', the Gaussian amplitude A, and the polynomial coefficients as
v | : , . ,
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variable parameters. The order of the polynomial is adjusted to obtain
the best .fi_t., Then I' is the observed resolution at the elastic peak, and
the nuriibér of elastically scattered protons is obtained by subtracting
‘the poly‘nox-nial from the data in the neighborhood of the peak.

The differential cross sections for proton-proton elastic
scattering fizom this experiment are presented in Fig. 5 and Table I.
The uncertainties given are compoundeci from statistical errors,
uncertainties resulting from random errors in the kinematic variables
(includibn'g"t), and, when applicabie at 7 GeV/c, random ei'rors of 10%
in the incicient beam intensity (see Section IIB), The errors given do
notv include an estimated ebrror éf 7% in the absolute norr’naliz‘a'tiori°

In Fig. 6‘our elastic cross sections at 3, 5, and 7 GeV/c are
compared w1th the results of Clyde et al. 14 at corresponding momenta.
The agreement is reasonably good; differences may be attributed pri-
marily to absolute czilibration errors, which are somewhat larger in
the experiment described here. Quantitative interpretatibn of our.
elastic cross sections is postponed to Section V for comparison vi/ith v

the inelastic results.

C. Combination of Inelastic Runs into Composite Mass Spectra

After the analyéis of individual runs described in Seétiop III A,
~the inelastic data were comi)ined into composite mis sing-—mass spectra
at constant p, and 9'3. There \ivas usually con'siderabie overiappihg of
adjacent 'runs, which provided another self-consistency check.

It was found that the data from the ends of the hodoscope were
consistently in error, presui'nabfy because of small errors in aperture

location, nonuniform distribution of background on the hodoscope, and
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similar effecfs;v for this reason data fr-ofn hodoscope elements 1
through 4.(at' the top of the hodoscope) and from element 28 have.béen
rejected.

" In order to obtain the mass spectra at constant aﬁgle, addition-
al corrections to the data are needed to compensate for the \}ariation in
1ab aﬁgle aéross tl.ie hbdoscope for each run and to allow for slight
change‘s in the corrv.ected central 93 from run to run. Although the
variations are small, they contribute a significarit effect because of the
strong dependenég of the cross section on 93. Correction for this

 effect was made empirically by using the observed angular dependence
of the counting rates at fixed p, and My; the necessary geometrical

~ factors were evaluated as a "by-product' of the program for calcula-

ting solid -éngles., The resultingv correction ibs greétest at smallest

~angles; the largest correction required was 18%., The uncertainty in
the correction is estimated to be + 20% of its magnitude. | In a few

| cases, systematic differences between adjacent runs have not been
completely:removed by the cofrections. This is appafent in the data

“of Figs. 7 through 12,
IV. RESULTS

A, Mass Spectra .

The mass spectra of Fig. 7 show a lack of pronqunced' struc-
ture beyond the peak near 1688 MeV. On the basis of these data we
confined the remainder of the experiment to the missing mass region

- below about 2000 MeV.

The missing mass spectra measured at 3, 4, 5, 6, and 7 GeV/c



o 'c-Ombinéd'in Fig. 12

-48- UCRL-17763

are presented in ‘Figs. 8 through 12,: resp"ecti'vely; The data’ of Fig. 7
with mis sing masses below 2000 MeV are repeated for cornpé.i'ison with

thé' other spectra. Note that data fakep at 7.0 and at 7.1 GeV/c are

* The errors shown include statistical errors,

- which are usually ;Bout 1%, and the effect of the uhcerta'intyli)n‘ the
" scattering angle "93. The solid curve associated with each spectrum is

"the nonresonant backgr ound-a’s estimated by -the fitting procedure to be _

described in Section IV C.
The enhancements near 1542 and 1688 MeV are strongly ex-

cited at all our angles for all incident momenta except 3 C_‘ze'V/c. The

' 1238-MeV peak, on the other hand, decreasés rapidly as either the in-
' cident e.ne‘rgy" oi"the"mbmentum transfer increases. Wé find no evidence
for the enhancement near 1410 MeV which has been observed at lower

.m-ome’kn_turiq» transfers. 3‘—? Finally, at 3 GeV/c we see the enhancement

near the'ihé_lastic kinernatic limit (M4 = 1100 MeV) that has been at-

tributedz’ 7 to detection of the decay protoné from N*(1238) isobars pro-

. duced with nuc¢leons.

B. Breit-Wigner Fits

To obtain a quantitat'ive 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:

as : Z H, '
— (M) = P(M,) + ) - . (6)
dM,“dt 4 o (M - M4)Zgr (11.,/2)2 |
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In this equation, H;, M., f;;, and the coefficients of the pollynomial
P(M4) are variable pa;‘ameters; the sum extends over the peaks 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 xz was obtained by in;-
Creasing the order of the polynomial. From these fits were obtained
sets of parameters~-mass M, full width I, and height H--to charac-
terize each peak., The quantitativé study of N production is ‘made in
terms of these parameters.

‘A search was madé for dependence of the mass and width of
each isobar peak on the incident energy or the mome.nturn‘transfer or
béth. Shifts could érise from ‘differences in tl.lei .dynamics of the pro-
duction and aecay of a resonance or from the éuperposition of more
than oné resonance'i'n‘any peak. After our ;resolution was unfolded, no
significant depéndencve of mass or w1dth on the kiﬁematiés 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 corréction of 23 MeV, as estimated by Jackéon, 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 1n the mass scale
itself. These errors .were estimétevd. from the spread in the proton and

deuteron mass determinations (see Section III A) and are in a sense
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checked by the self-consistency of the rhass deterrﬁihati’ons from the
Avarious spectra. For the 1238 MeV enhancement ‘an add1t10nal un- S

certainty of £ 5 MeV in the 4 Jackson corr‘e"c’tlon 1s assumed,

Unlike '_the_ mass at a peak, the.'_w,;d_thkls not determined pre-
cisely by the .fittih'g procedure, The rea’s‘on is that the polynomial
background is too 'iaccommodating”: a decrease in the .b'ackground in
con_]unctmn w1th an 1ncrease in the helght (and 51mu1taneously the w1dth) v

of a peak does not greatly affect the goodness of f1t The .erro'rsiln the

\Vldths as estimated by the f1tt1ng procedure are’ typlcally about 15 MeV
These errors are compounded Wlth the estlmated uncertalnty in un-

‘foldlng our resolution before forming the W’elghted ave-ragesof Table II.

C. Differential Cross Sections for N¥ Production

The large and correlated errors-‘ir’n'-.the height and width of a

peak: would lead to great uncertainties in c:' lculatlno the pt oduction |

‘::,5’

!'

cross s,ec;tlons (proportional to helght time’s \.;/1dt_h) from the Breit-

Wigner ‘p‘arametersa Therefore, using Eq. (6), we made additional

fits in which the ,isobat:wvidths were fixed atwth’e average valu;‘es. given 1n
Table II. thh this procedure the tmcertainttr_iri the backgtoond poly- .
nomial was considerably reduced., ‘

The N production cross sectiOns were detetmined ftom Ithe
~area under the corresponding peaks, evaluated from the Breit-Wigner
'paraﬁfxeters of the fixed-width fits. The errors were propagated fronhl'v = :
the error matrix of the parameters, 2 procedtlre, that takes into accou_n‘t o
the uncertainties in,background subtraction’. The values for 7,0 and 7..15

GeV/c include an additional uncertainty arising from the random errors

in measuring the incident beam intensity, as described in Section II B,
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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 cross sections are pres.e'nted in Tables III, IV, and V and
in.Fig.; 13, The data of Blair et al, 7 at lower momentum transfers and
cc.)rnparable gnergies are represented by the solid lines in Fig. 13,

Some géneral features of the cross sectioﬁs at medium and
high momentum transfers are the following. The cross sections for all
isobars, like the elastic cross section, décrease rapidly with energy.
For the isospin 1/2 states N*(1512) and N*(1688).the production cross
7sections sh.ow similar behavior: both are slowly varying as functions.
of momentum transfer; at 90 deg c. m. they are significantly larger
than the elastic cross sectioﬁ., The crossv section for the 1238;-MeV-

-vresonance, like the elastic cross section, falls more steeply with

momentum transfer.,

V. DISCUSSION OF RESULTS
‘ Hagédorn has exf:ended the statistical treatmeht of proton-
prdton elasﬁc scattering to arbitrary two-body processes pp -~ AB
near GC m. = 90 deg at high eﬁergy. 11 For pp ~ pN* he makes the

° °

prediction

K p a-t—) 1-3p elastic’

i ) az( 2INE 1} Kon* ppN>'<](d0
pp Pep |

(7)
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~where o is the Clebs_ch-Gordan coefficient for projecting the final pN*

isospin state on the pure I = 1 initial s:'tate,- JN

KpN* is a kinematical factor involving center-of-mass quantities in the

~ final state,r_' and p‘pl\.I* is two-body phase space for the pN

% is the isobar spin,

% final stateo'

There ;are nTO:adjustable parameters in Eq. (7).
In comparing the predictions of (7) »w'ith our measurements,

we have used the .rne'asnr'e'd elastic cross sections (Figs. '5v:a-nd 6)
'rather than those predicted from ‘the s_tatisti'cal mo.del;’i'1 andbweb have
- assumed that the "observed peaks at '1512 and 1688 Me'V are caused by
"31ngle I= 1/2 1sobars of spin 3/2 and 5/2, respectwely° |
o In Flg., 14 the predlctlons for isobar’ productmn are compared '
w1th our observed results near 6 com. - 90 deg° ‘The comparlson ;nd1-l
" cates that the rnodel is- at least part1a11y successful A.lthough the
-absolute normahzatlon is wrong, the energy dependence of the cross .
sectlons and the relat1ve amounts of N ('1238), N (1512), and N (1688) |
productmn are approx1mate1y reproduced by the model The absenc_e
of other known 1sobars frorn our spectra const1tutes weak ev1dence
against the statistical rnodele The N (1410) and N* ('1920) are in mass
regions where they could be obserned 1n this ekperirnent; but .the pre-
 .dicted cross seCtrons are small, 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
expevc.tved l‘arg‘elwidths for both N (1410) and N (1920) would make them
‘vdifficult for us to locate ab.'ove background. Our data probably do not
rule out. N%(1920) prodnction in accordance with the model; but we

e_stir_nate'that we would have detected the N'P('1410) if its cross section.
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were as large as hélf that predicted by the statistical model.

It should be pointéd out that at oﬁr energies the kinematic
factors in Eq (7) are relatively insensitive to the final-state baryon
masses.  Thus any model that predicted variations in isobar produétion
cross sections in avccprd'with the relevant spin-isospin étai:istical fac-

- tors vwould compare éimilarly with these data. For vexarnple, it is
vc‘:lea_r that whatever the details of the interaction at l'argebmomentum
transfers, sufficient excitation to produce any of the lower baryon
states should occur. Hence a model based on the notion of "nuclear
cll'eivrnocra.cy”23 might"reSul't in similar predicfions'o

In order to describe the kinematic‘dependence of our measured
cross sections we have generalized the phenomenolo’gical formula
which Akerlof et al, 16 used to fit elastic pp scattering at Bc° = n/2
('althoﬁgh, as they note, persistenée of their functional form at high
energieé would violate the lower analyticity bound of Cerulus and |
Ma.rtin‘?'4 and Kinoshitazs). A conceptuél difficulty in'u.sing pJ_v2 (or p_L)
to déscribe ihelasvtic.: two-body processes is that P, is different for the
direct and the inverse. procgsses’. A suitable generéiizaﬁon of pJ_2 iﬁ
terms 6f the Mandelstam variables is provided by the function

v = - [tu/(t + wl,

 where t = (E1 - 23)2 = -sz (1 - cos 6)
v v 5 v
and - u={p - '24) = -2p2 (1 + cos 6).
For elastic scattering, = pi,

For inelastic processes v has the following desirable properties that
Py manifests for elastic scattering: itis symmetric under interchange

of the initial-state protons, it takes the same value for the inverse
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process, and-'it reduces to (
We find that a function of the form .

g%ﬁ B eXp(-v/v'O') ' R | (19)

usually prov1des good fits to our d1fferent1a1 cross sect1ons at fixed

energy, as is shown in F1gs. 15 through 18, The exponential slopes

vary systematlcally w1th energy and depend on the part1cu1ar reaction

e

under cons1derat1on in the manner shown in Fig. 19° An understandlng'
of these var1at1ons must await a detailed theory applicable over a wide
range of momentum transfers at intermediate energles, But a striking
feature of F:ig. 19 is the tendency of al'l the .s‘lopes toward the same
value (v, = 04 Ge</2) at the npner end of our energy range.- This
regularity is consistent with the spirit of the WnAYang hypothesis.

A _possible source of deviations from the isospin weights pre-
- dicted by Eq. (7) is the electromagnetic interaction, Obserying that
the ep elastic scattering cross section falls with -t at about half the
siop_e of the 'pp elastic croes section, Wu and Yang suggest that the
explanatlon is that the latter process involves two, instead of one,
extended obJects that can "break-up in an ‘ene,rget1c co-llls1on,_ 1
- Study of isobar product1on cross 'sectlons at higher energies and iarger

“momentum transfers might help to resolve these questions.
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Table I, Differential Cross Sections for pp = pp.-

Nominal
(GeV/c)

Py Corrected p
(GeV/c)
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(continued)
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.Table II. Average masses and full widths of spectral peaks.
~ Symbol | L (MeV) MeV)
- N¥(1238) © 124046 - 10244
N¥(1512), . 4s08#2 . 9243
N*(1688) = . 168323 11024
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Differential cross sections for pp = pN (1238),
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Table V. Differential cross sections for pp - pN -(1688).
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FIGURE CAPRTIONS .-
Fig. 1. Schematic diagrafn of the experimental apparatus. In the
“drawing B;represent bending magnets, Q jare quadrupole magnets,

S,are scintillation counters, and C; are Cerenkov counters. C1 and

CZ are l'owef.f% ut of the beam when not in use.

Fig. 2, Traje'c‘f'fa;i;és of charged particles f‘hfou‘gh the beam optical
systerﬁ. In the plan viebvw‘ parallel rays are’traced; i'n the elevation
view rays emanéti’ng from a point on the target are shown. These
'rayé illustrate the focuéing conditions for éené‘al—moxnentum parti-
cles. |

' Fig'._ 3. The geome_try of the sci'ntillatofs. S_2 and S3 are in co_incidence
with H; and A is in anticoincidence.

Fig. 4. R'e"s_ults of a t}}pical elastic peak run. This spectrum was ob-
tainedv’_a't 5 CeV/c and 93 : 10.3 deg.

Fig., 5. Differential cross sections for elastic proton-proton scattering
r'esulting 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 eléstic: data witﬁ those of Clyde et al. (Ref,
14) at (a) 3 GeV/c, (b) 5 GeV/c, (c) 7 GeV/ec. | |

‘Fig. 7. g Missing mass sp.ect_ra at (a) Py = 6 GeV/c, 93 = 10.26 deg‘,

(b) 7 Gev/c,fiﬂo.o7 deg, and (c) 7 GeV/c, 13.49 deg, 'illustQating the
I"Ca/c_k of ~stru'cture_abov‘,e the peak near 1688 MeV., |

‘f"ig.j 8. Missing mass spectra at 3 GeV/c énd lab angles of (a) 10.19,
(b) 1‘0.91, (c) 12.30, (4) 16.90, (e) 18.36, (f) 20.36, (g) 25.42, and (h)
30.48 deg. All the spectra are plotted to the same scale,» with suc-

cessive spectra displaced vertically by equal increments of2 mb/CcV4.
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The solia curves are background estimates calculéted with the fitting
procedure of Séction IV C. The small narrow peak between 41500 and
1600 Me’\/l, ‘especially noticeable in (d) through (f), is at‘tributable to
pions from the reaction pp —~. 1r+d°

Fig. 9. Missing mass 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 dég.
All the spectra are plotted to the same scale, with successive spec-
tra displaced Vértically by equal increments of 0.5 mb/GeV4. The
solid curves are background estimates calculated with the fitting
procedure of Section IV C. |

Fig. 10. Missing mass 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 svpectra are plotted to the same
scale, with successive spectra displaced verticallir by equal incre-
ments of 0.2 mb/GeV4. The solid curves are background estimates

~ calculated with the fitting procedure of Section IV C.

Fig.. 11. vMiss’ing mags 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)
20.34, (i) 22.81, (j) 25.27, and (k) 27.76 deg. All the spectra are
plotted to the same scale, with successive spectra displac;ed verti-
cally by equal increments of 0.05 mb/GeV4. The solid curves are
background estimates calculated with the fitting procedure of Section
v C. ‘

- Fig. 12. M.issing mass spectra at 7 GeV/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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successive 'spectra“displac_ed vertically by equal increments of

4., The solid curves are background estimates calcu-

0.05 mb/GeV
lated Wlth the ‘fitting procedure of Section IV C.

‘Fig. 13. Differential cross sections dO'/dt for prbduction of (é.) N*
(1238), (b) N*(1_5,12), and (c) N (1688) vs (-t), the squared four-
moménturn transfer, at 3,' 4, 5, 6, ana 7 lGeV/c, The sfraight lines
aré fits to the data of B.lair et al. (Ref. 7) at the indicated momenta.

Fig. 14, Cornparibson of our N*'production crovss sections near BC.
=90 deg with the predictions according to the statistical model of
ﬁégedOrn (Ref. 1'1j° - |

'Fig; 15. Differential cross sections for pp elastic scattering vs v at

| (a) 3, (b) 4‘,: {c) 5, (d) 6, and (e) 7 GeV/c. The straight lines are
leést-sqﬁares fits to the data away from thé diffraction.peak. The
re,as'on. for this choice of indepehdent variable is explained in the
text. No'fe that the vertical scale is displaced vbyvr a decade between
‘ succ.essive curves. |

. f‘ig. 16 : Di.ffére*r_it.ia-l (;ross sections for the proéess PP — pN*('123‘8)
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 decé.de between suvccessive curves,

- Fig. 17. Differential cross sectioﬁs for the procéss PP —>_pN*(1512)
vs v at (a) 4, (b) 5, (c) 6, and (d) 7 GeV/é..’ The straight lines are-
’,léast-squares fits to all the da.ta. Note that fhelvertical.scale is
,displacéd by a decade between successive curves. |

Fig. 18. ljifferential 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
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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 Figé. 15 through

18 as functions of the incident momentum.
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(c) pp~pN (1688)
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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 yith such contractor.
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Lawrence Radiation Laboratory
Berkeley, California

AEC Contract No. W-7405-eng-48

March 26, 1967

ERRATA
TO: All recipients of UCRL-17763
FROM: Technical Information Division

SUBJECT: UCRL-17763, '"Nucleon Isobar Production in Proton-Proton
o ’ Collisions between 3 and 7 GeV/c, " C. M. Ankenbrandt,
A. R. Clark, B. Cork, T. Elioff, L. W. Kerth, and W. A.
Wenzel, January 2, 1968.
Please correct subject report as follows:

Cover, title: Change "GeV/v" to GeV/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:
2
where = (Ei - 53)

, v 5
and u =(p -p4)

For elastic scattering, v = pi, t :—2p2(1 - cosf), u :-inZ( 1+ cos 9).

)
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