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A STUDY CPF THE REACTICH w~p => 1"
IR TBE REGION CF THE H*(1688)
Roger Burton Chatfee
Lawrence Berkeley laboratory

University of California
Berkeley, Califorria

BASTRACT

In an expariment perforeed at the Bevatrgon., a
negative-pion beam incident on a 20-cp liquid-hydrogen
target produced reactions of the fecres m-p => neutral
final state. The finale=state neutron was detected by
plastic-scintillatcr counters. The final-state photons
vere detected by lead-plate spark chambers, vwhich
covered about 3,Mr solid angle, or by lead-scintillator
sandwich counters, which covered most of the cpen face
of the spark-chasbet array.

For this analysis, a kinesatic fit vas done on the
LeBeL. computer for each event in which twc photons
vore detected., Por each momentunm, events which fit the
hypothesis w-f => ne vuere tinned according to the
calculated prcducticn cocsine, and the resulting
distributions ware corrected Lty ccmrparing to the
results of a HRonte-Carlo calculation for the same
reaction. The differential crass-section vas
calculated for each bin, anoc the values for each
pomentum were fit to a sum of legendre pclynorials in

production cosine,
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In the final chapter of this thesis, the Legendre
polynonial coefficients, the total cross-secticn, and
the differential crcss-sections eszxtrapolated to 02 and
1809 are compared to the results of ciher experiments,
and some speculaticns are offered as tc the spin-parity
states vwhich affect the measured behavior of the
veaction, The conclusion is drawm <that the 4 (1688)
does not contritute, but that the N (1670) does, uith a

cross~section cf (0.84¢d.31) st,



1. TINTBCDUCTICH

R. Eta Hgsens
The eta meson vas first detected experieentally?
in the reactico
md = psp T
vhere it appeated as a peak in the vass spectrum of the
three-pion system, The peak is due to the gresence of
the reaction
T PP g,
and decay Q. - rry e
in vhich the total mass of the three-gion systes must
be the nass of the eta.
The eta was later observed? in the reaction
mp = 1P &0
and subsequent decay
n - Yy (2)
vhich definitely estatlished 1ts quantus nupbers as
3 16=0+0-.
The mass cf the eta Is (SUB,€30.€) HeV.¥ The width
is (2.63t0.58) Ke¥,? corresponding to a lifetime of

2.05x10-1° sec.



1. Genmeral
The reaction
r’p = e ()]

is particularly interesting tc =study. The relative
sipplicity of the two-tody final state leads theorists
to the hope of analyzing the dynamics of the ceaction,
vithout becoming embroiled in the kinematics of many-
body states. ["Rinematics", roughly sgeaking, is any
part of a particle interaction that is understood in
principle, althcugh it is generally tco cosplax to be
solved 1in any particular case. ™Dynamics™ ic what is
left, and is nct understood even in principle.)

The reaction 1is a osester of the fawily of
interactions of fpseudoscalar wmesons with spin-1/2
baryons, and of the isoscin 1,2 side cf tqe fapily. It
is therefore a close relative of the isospin 1/2 part
of the pion-nucleon scattering reacticns

e -> Ty (&)
and e -> wn )
Both of these have been studied extensively, for
reasons of experimental simplicity. Apalogy vith pion-=-
puclaon scattering is an aid in the analysis of eta
production, In turn, the eta-peuytron state is purely
isospin 1,2, asd can vprovide inforeaticn aktout the
isospin 1,2 pfpart of the ficn-pucleon interaction,

vithout the need for separatina out the isospin 3/2



part.

In particular, analysis of the pion-nucleon
reaction has shown resouance behavior. Around the
enerqgy region of this experiment, say froca eta-aautron
threshhold at 1488 MeV np to around 1900 HeV center-of-
nass energy, pilon nucleon scattering is strongly
influenced by the produwction and suksequent decay of
intersediate particles, in reacticns cf the foreo

WY ->X-> WwN
The eta-nuclecn final state has the same quantuo
nuebaers, and @must couple tc the same resonances, in
reactions of the form

’lTN-)X-)‘]_N
although the couglirg of the intermediate particle to
the ¢two channels may te very ditferent. Since each
intermediate particle has a definite spin and parity,
its presence at a particular energy is signhalled by the
behavior of the differential cross-secticn as a
function of scattering angle. Only relatively crude
statemeats about the intersediate states can be wmade
fror measuresents of the total cross-section. Detailed
analysis of the differential cross-section for eta
production, with an expansion in teres of lLegendre
polynorials, should show the presence of some of «che
same intermediate resonances as are foumd in the
isogpin 1/2 channel of pion-nuclecn =cattering, and eay
reveal other intermediate particles which are coupled

relatively weakly tc the picn-nuclecn channel.
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2. Pparapeterizaticr of Bxperisental FEesults

Tha total crc¢ss-section for the reaction (1)
seasures only the rprobabjility that the reaction will
occur, with no refezence to the directicns of motion ¥
the particles. The total cross-section is a functicn
of the relative wmotion of the teao and talrget
particles, and can be expressed as a functico of the
beas momentum, beas enerqy, tarycentric nwosentua, or
total (barycentric) energy, In discussing resonance
behavior and other theories of the interactions
involved, total enerqy is often the most appropriate
paraneter. Rowever, ona finds that oasost exfperipsents
are done in the laboratory systew, with a rean and a
target, and the measured variatle is the beam ~omantunm,
Por this reason, this thesis generally refers tc beanm
mosentus, in MeV/c, and the tctal energy is given in
parantheses.

Differential cross-section is a fumnction of both
relative wmoticn and dJdirection. The usual angular
variable is the cosine of the barycentric scattering
angle. It is difficult to display this functicn of two
variables in a fashion vhich c:spares the results of
neasurements at different emergies. The usual method
is to fit the cross-secticn measuremept at each energy

as a sum of legendre pclyponials,
HLeaax

—,\[APU,@)

where X is the reciprocal ucomentum of "the incident
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pics in the c.m. systes, “z are the adjustable
paraneters, @ is the scattering or prcductior anale in
the c.n. system, and 5- are the Llegendre pclynonials.
The choice of the waxiaom crder fer the fit is often
nade on less than rigerous grcuads. EBulos et al.® are
typical:

UPirst,...ve have elected to have the nazimur
value of R alvays even....ihke last
coafficiert is sometimes consistent with
Zero..-,5econdly,...that value cf Zmax was
chosen where the X2 prokzkility haéd cleartly
reached its asymptotic value as a fuaction of
fosx, Furthersmore, the value cf @QBax was
nover allcved to decrease at sceenta atcve
where it was first needed.”
In this respect, exgansion in terms of Legendre
polynomials is considerabl; tetter than expansion in a
povsr series, becavse the legendre polynomials are
orthogonal in the range =1 to +1, and the inclusion of
another tere in the it gencerally dcesn't sigmificantly
affect the coefficlants of 1lnwer-crder terrs. The
value of fmax is significant if one chooses to describe
the intaeracticn a= composed of a wuam of different
amplitudes, each of definite angular asomentus. Highet
angular momentas states require higber-order terms in
the fit ta the differential cross-szection, and,
conversely, the success of a low-order fit limits the

nueber of amplitudez which can be contribnting in the

podel.
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3. The Experipental Situatioa

By 1969, several experimental grougse—2o had
peasured total and differential cross-sections for the
reaction (1). Host published results cecncerned the
behavior of the cross-section in the energy regica just
above threshhold, and the conclusicn bad been reached
that +the differential cross-section in this region is
isotropic, and that the total cross-section rises
linearly with the barycentric womentum of the final
stata. Both effects indicate that, close to
threshhold, eta production is purely S-wave, This is
in agreament with phase-shift analysis of pion-nucleon
scattering, which shows the ezxistance of an S,
resonance ¥With a mass of 1500 to 1€0C Hev.?—t2

At higher energies, the situation was less clear,
Richards et al.®* wused steel-plate spark chambers to
detect the photons resulting from the two-photon decay
of the eta. They did not atten#t to detect the
neutron, They seasured and fit to a2 sum of Legendre
polynomials the distribution of directions of the
bisector of the tuwc photon directicns. The final
distribution of esta directions vas unade hy a
pathenatical transfcrmation on the fit tc the bisector
distribution, and depended ip part an the fact that
their spark chambers covered the entire solid angle.
They found that terss through F; uvere needed at c.o.
energies as lov as 780 HeV/c (1545 ReV), and that teras

in P, were needed above 1005 ReV/c {1675 HeV).



?
Howaver, their fits did not reguire a teram in FH uatil
their highest energy, at 7440 HeV/c (1900 MeV).

Bulos et al.% used a similar experimental schene,
with an array of steel-plate spark chambers vhich
covered approximately 2,3 of the total solid angle,
Because their angular coverage was incomplete, they
used Mconte~Carlo methods to derive the distribution of
aeta directions from the observed bisector distribution.
Their fipal publication on the <csubject agreed that
teres in P, vere naaded at the enerqies indicated by
Richards et al, tut +they fouwnd F; and PV terns
necessary at 860 Me¥%¥/c (1595 mevV) and above.

In the region above 375 MeV/c (1600 MeV), no other
exparizants had measured differential cross-section in
the entire range of production cesirne. The neutron
detertors of Delnet et al,? were not positioned to
cover the entire range of neutron latoratory angles
vhich ware kinesatically allowed at their higher
enaergies, The points that they did wmeasure were in

agreement with the above experisents,
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4, Phase=-Shift_Analyses

Several papers<—tZ have been gublished giving the
results of phase-shift analyses of the available data
for reaction {1}. 1The fits generally allow resonant
behavicr in several spin-parity states, with masses and
widths which may vary or nay ke fizxed at wvalues found
in pion-nuclecn scattering, Rodels for background
terms mav allov only kinematic facteors, or +they say
suppese t-chanpel exchanges. The disparate assuoptians
and results esphasize the need for wmore numerous and
more accurate nesasurements of the differential cross-
section in the entire anqular ranqe, and of

polarization parameters,



II. EXPERIMENTAL ERCCECURE ANL ECUIPMENT

A. General

The experisental apparatus vas designed t. ccllect

information about the reactions
= p -> All Neuntrals

The aquiprdent ccosisted of a bean transport
system, to direct negative rions frcr the Bevatron to
the target, a liquid hydrogen target, neutron
detectors, and lead-plate spark chaeters im wvhich the
photons would ccnvert and leave detectatle tracks, In
the beam line wvere cocunters tc detect the incoring bear
particles, and surrcunding the liquid hydrogem target
vere countere tc veto interactions wvith charged
products. The counters were scnitcred and the spark
chambers triggered ty an electronic logic systes.

Tracks in the chamters were phectcgraphed, along
with an array of flash lasps with ccded information
from the ocunters, The inforwation for each recorded
event vent on cne frame of 35~mm film.

A diagram of the apparatus is shcwn in Fig. 1. A
more complete description of the individual parts

follovs.
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E. The Pion Bgam

The beanm transport system directed negative pioms
from an internal target in the Bevatren onto ouwr liqaid
hydrogen target. A diagram is shewn i3 PFig. 2. The
physical placement of the tLteam sagrets was severely
restricted by the requirement that the team stacrt in
the internal Bevatron beas and pass through the center
of the cube determined ty our spark chaabers,
preferably at right angles to the rear chamber., iWe
used the same wagnets and magnet positions as vere used
in the previous experimenttd, The higher beam moumentum
required higher fields in all wvagnets ard scme
experimentation with the target pcsiticn inside the
Bevatron, since the fixed Bevatron field could not be
scaled with momentur,

The transgort systea was divided into halves. In
the f£irst half, tha internal fgrotcn beam of the
Bevatron hit a 0.25- bty 0.50- by B8.0-in. aluminum
target. Secondary particles eserging with an angle
near 09 with respect t¢ the anqgle ¢t the incident
protons were diverted by the Pevatron field ard passed
along the experimsental Lkeas line. They were collected
by a quadrupcle doutblet lC‘). wvhich focussed thean
tbrough the steerino wsagnet (B, ) and ooto a 1-in. high
by 2-in. wide trass collisator at the center of the
field lans Q). @ had a large {12-inch diameter)

bore and was placed clgsest tc the Bevatron in corder to
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maximize the flux through it, tut this wmeant that in
practice it was a steering magnet as well as a lens.
This caused the ¢first half of the beam tc give
inadegquate mosentus selecticn, and to te very hard to
tunpe.

Particles emerging fros the field 1lens vant
through a 40° bend (B;) and vwere focussed by a triplet
lens (Q3}. thrcngh a 4- by 4-in. lead collimator, 24
in. long, and obntc the liquid hvdrcgen target. Final
momentum selection was done bty this rpart of the beam,

Pield valoes of B8, were determined ty wire-
orbiting, since B, determined the momentus. Tke effect
of the Bevatron field wvas calculated by ruserical
integration, wusing the measured values of the field in
a computer program POPUS,'% The results from BCFUS we:re
used as the starting point for progras OPTIK:S, wiich
calculated the necessary field values for the other
magnets. The  OEBTIK values vere then adjusted
experimentally for cptimum results. 1The €£inal values
for the saecond half of the system were quite close to
those predicted by CPTIK, The difference was probably
due to the vwvertical focussip] properties of the #40°
bend, which O0PTIK does nrot treat correctly. The
Bavatron fringe f£ield has not been reasvred well, so
its effect vas not calculated accurately, and the first
half of the team raquired a certair amcunt c¢f trial-
and-error. The final tuning methaod adcpted was, firsi,

to set the bending magnets to the desired values, which
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were detarmined ty the total Lend, apd turn all the
quadrupole lenses off, to ensure that they wculd nct
also act as steering magnets apd change the beas
momentua. Sacond, the target inside the Pevatron was
moved to maximize the flux delivered to the 1ligquid
hydrogen target under these conditions, %hen this
maxisus was achieved, the Eevatrcn €field directed
patticles from the internal target out along the
desired beas line., Third, the lenses were turned cn
and tuned to focus particles from the internal target
onto the collisator, and from the collimatcr cnto the
liquid hydrogen target. Firally, the field lens was
turnad on to the values calculated by CPTIK, since the
field lens had little effect and an errcr in its
setting vas small ccmpared to the dafocussirg in the
rest of the beaw,

This system delivered negative pions in a spot 3
in. high and € in, wide at the entrance of the 4 by 4-
in. cellimator. Particles which bit the ccllimator
would have to pass through 24 in. of 1ead before
reaching the target or spark chasters. Further
selection by the final scintillation counter N,
resultad in a sosentum acceptance of £1.(%. The
divergence was t0.89 hcrizontally and $0.4° vertically.
The nusber of gions depended directly cn the number of
protons which hit the internal target in the Bevatron,
and was usually about 600,000 during a Pevatren pulse

of 1.5 seconds. The beam rate was then 400 kHz,
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At the end of data-taking, the electron and muon
contasination of the Leam was seasured vith a high-
pressure wmethane Cerenkov counter, which has been
described in detail elsewvherelts, ‘A diagram is shown in
Fig. 3. The beaa compositicn vas different at

different momenta. It is summarized ir Table I.

Table I, Beam Cowmposition
B (MeV) P(MeV/c) Electrcn Muon Pion
160% 880 27 n 70%
1632 930 22 s 73
1661 980 10 [ 89
1688 1C30 7 4 89
1716 1080 [ ] 92
1743 1130 3 q 93
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C. ZIhe Liguid Hydrogen Jarget

The pion team passed through a target of 1liquiad
hydrogen which was located approximately at the center
of the spark champer array. The ceanstruction of the
target has bheen described in detail ty Risser!?, and
his figures are reproduced here. {See Fig. 4 and 5.)
The flask itself wac a Nylar cylinder, 8 in, long and 4
in. in diaweter. 1Ip orde:r to place the hydrogen supply
pluabing upstrean and out of +the kinesatically
preferred ragicns, and at the same time to put the last
beam counter close to the hydrogen target, the vacuum
jacket was a cylinder extending 8 in. upstrear beyond
the flask, with a recentrant hole fcr the counter.

The entrance and exit windows of the 1liquid
hydrogen flask and of the vacuums jacket were in the
beam line, The flask was made of 7,5-mil S%ylar, anad
the Jacket windows of 10;|il Nylar, With the target
enpty, the flask waterial seen Lty the beaw had a
thickness of 0.122 gs/cm?, 1he electronics coculd also
bave been trigqgered by interactions in the last bhean
counter, which was a disk of scintillater 1/16-in.
thick, making 0,167 gsca2, and frew scre depth into the
veto counter (A,), which vas placed in the team behinad
the £lask, Py contrast, the hydrogen in the flask had
a thickness of 0.14% g/cm?,

Typical integaction rates vere 0.73% cf all
incoming particles with ¢the f£flask full of liquid

hydrogen, and C.C9% with the flask ewsfgty.
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D. The_Scintillaticn cCounters

All the scintillatien countzrs wera wmade from
"pilot B"™ scintillator, which is pelyvinyltoluene doped
with p-terphenyl and p,p" diphenylstilkene.

Tha beam-dsfining counters (M,,B;,H3) and the veto
counters surrounding the liquid hydrogen tacrget (B),A3)
vere vigwed by BCR €575 photonultiplier tubes. &ll had
1ight guides of tuisted Lucite strips rLetveen the
scintillator and tbe phototute, encept By vhich was
the last count%: bafore the target. ‘Because of the
physical constructicn of the target, the light from the
H3 scintillator bad to pass upstrean in the tearm line
before being diverted out to the phototube. For this
reason, the 1ight guide fecr q3 was a cylinder of
aluminized Mylar €illed with air, and a 45¢ @wmirror of
1/2-mil aluminized Mylar across the team line reflected
the light toward the phototube. The ccpstructicn of M,
and its position rzar the target are shown in Fig. S.

Bach beam-counter scintillator was a plane disk.
The size decreased as the bheas converged con the target,
H,, ¥, and Ay being 4, 3.5, and 3 in. in diasmeter,
respectively. The scintillatcr for ®, sas 1,2
in. thick, so it gave a relatively 1large numker of
photons at the passage of a team particle, The timing
of the pulse output of the # rhotctube wuas thecrefaore
quite stable with resgect to .he rassage cf the

particle, and it wag used to determine the timing of
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the bean in sutseguent logic circuitry. The ¥, and H,
scintillators were each 1/1€-in. thick, tc nwininize
ccattering. The P, and B3 signals uere used cnly for
coincidence 1lcgic, where the timing was not as

critical.

The veto counter surrornding the hydrogen target
() #as a hezagonal cylinder pade of 1/4-in.
gcintillator and vieved by three rhctctubes. The veto
counter downstream of the target (A;) was an 8-in.
square of 1s4-in. scintillator. The vetc coubnters are
shown with the target in Fig. 4.

There were four serarate rectargqular gampa-ray
detection counters, partially covering the ogen
{upstrz:am) face of the spark chamber cube. Each was a
sandwich of eight sheets of 1,U4-~in, scintillator
alternating with eight sheets of 1/8-~in. lead. They
vare rositioned so that a photcn fron the center of the
liquid hydrogen target would hit a gaema counter if it
vere going in a direction to miss more than half the
thickness of the spark chawters, The inner hole was
made large encugh tc rpass the tear and avoid ewxtraneous
interactions. Their sepsitivity was set to detect a
pininua~-ionizing cgarticle passing through any one of

the eight scintillator sheets.
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B. jhe Neui:cn _Counters

The tventy neutron counters vere also
scintillation counters made from "Pilot B", but their
operation was somewvhat different from the other
counters, and wmore coRplex, S0 a separate section is
devoted to thes. A diagram is shown in Fig. 6.

Each neutron counter vas a cylinder of
scintillator € in. long and B8 in, in diameter. They
vere viewed by Amperex XP1040 photosultiplier tubes,
which are S in. in diameter., The light guides from
scintillator ¢c phototube were trupcated lucite cones,
The face toward the liquid hydrogen target wvas covered
by a 10~-in. square veto ccunter (V). Fach veto
counter wvas vieved through a tuisted fucite light guide
by either an RCA 8575 or an BCA 6810 photomultiplier
tube, since limited numbers of each vere available.

The design of the neutron counters and their
associated eolectronics has been described in detail by
Bissert®, The experiment required not only detection
of neutrons Etut also accurate timing information, &
negtron is detected ty lockipg for the 1light fprcduced
in the scintillatcr by a reccil groton. The energy
deposited in the scintillater ty the grectcen degends on
the energy it receives from the neutron, and on the
distance it can travel tefare leaving the scintillator.
These factors were examined ty the method of Kurz by a

computer program called TOTEPF,'® vhich uses wmeasured
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cross-sections for nemtrons on carkop and hydrogen,
plus the geometry c¢f thc scintillatcr and thresholad
information for the fhotcwultiplier tube and its
electronics tc calculate the average detection
efficiency of the neutron ccunter as a function of
neutron energy. The results for the conditions of this
experisent are shown in Fig. 7.

The energy threshold depended on the tubke vcltage,
The correct voltage tc produce tte threshcld used by
TOTEFF vas determined by locking at the [fulse height
spectrua givep in detecting electrons groduced in the
scintillator by the Z.62 MeV gamma rays froam a Th22e
source. The tube efficiency tended +o change with
tise. When it was properly set by looking at the pulse
height spectrum from a Th22® source which could te
placed next to the counter, the counter was exgosed to
another Th228 source which was pneumatically driven
from inside a 1lead shield on the £flgoor of the
experisental area and about ten feet from the neutron
counters. The counting rate vwas recorded. Thereafter,
the threshold could be set by adjusting the tube
voltage to regroduce this counting rate, without
examining the pulse height spectruw. This adjustment
wags normally done once a day, uwhich vwas adeguate to
aeliminate significant fluctuations 1in the neuntron
counter efficiency,

Accurate timing information required that the

timing be detersined ty some frocess vwhich was
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independent of the awplitude of the pulse gqiven by the
photoaunltiplier tobe, <cince this asplitude varies
widely due to statiztical fluctuations in the number of
photons detected and changes in the enerqy depcsited in
the scinvillatcr by the particles detected. Tc provide
a signal with tetter timing than a sisple discriminator
vould give, the following schese was uysed., The signal
from the last dynode of the phototube triggered a high-
threshold discriminator, which frcduced a 60-ns
negative npedestal" with a 1level Just tbelcw the
threshold of a seccprd discriminator, Another signal
was formed by delaying the signal from the anode and
passively adding it to an attenuated <signal from the
dynode. The result was a bipolar pulse which started
positive and then wvent negative with a steep slope.
This wvas added tc the "gedestal®, and the =um was a
signal which crossed the ttresheld of the tiaming
discriminator with a steep =lope, at a time which vas
almost independent cf the eventual size of the original
pulse.

The tieing uncertainty using this eethod vwas

¢1.0 mns.
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P. he Spacrk Chambers and_Cgtics

The spark chaskter system, with its associated
electronics and wsirtrcr wsaze for optical viewing, was
built for a previcous: exgerisent, and was not changed.
A detailed description can te found in the puklished
results of that cxperiment2o, and in fublished
descriptions of the spark chasuter pulsed hiqh voltage
supplies?s,

The five chambters formed a cuke surrounding the
liquid hydrogen target. As described previously, the
front face of the cube was open tc adeit the team and
partially closed ty the gamwa detectors of lead and
scintillator.

Bach chamber vas assewktled in sodalar fors. The
first module in each chamsber was constructed with five
48-pil aluminus plates, in which the ¢frobabjlity of
photon conversion was low. Tracks occuring in the
first module were generally assumed to ccme fros
charged parcticles, The rest cf each chamter consisted
of sodules with leaé¢ plates, Each lead plate was 32
pils thick apd lasinated tetveen two plates cf 16-mil
alusinum for strength. Each lead-plate aodule was made
of six 1lead plates, followed by cne alueinua tlate to
lie against the lead plate of the next sodule. The
modules were constructed with optically clear Lucite
frames and spacers. The gap spacing was S/1€ in, Each

lead module had 0.91% radiation lengths of lead and a
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total thickness of 2.3 in. The thinness of each lead
plate increased the detection efficlency for low-energy
photons.

The side chasbers weasured 48 Yty 60 in., and
contained seven lead modules plus the aluwinus pcdule,
The back (dcwnstrear) chaskter was 78 ty 78 in. and
contained eight lead modules plus the aluminus module.
The downstream chamter was electrically two differentc
chambers, wone 36 and the other 42 inches wvide. 2
Lucite bar, one inch wide, separated the two parts.
Tha position of the tar was staggered from module to
module so that adjacent mcdules did nct have adjacent
dead areas.

Tuo orthagonal views of each chawmber vere
photographed on a single frame cf 35~sm film by a
Plight Research camera. The data tcx apnd the WNixie
lights to dispiay the frame nueter were also
photographed oo the same frame, Fig, 8 shows the
arcangement of the five spark chasbers in space and on

the filsm.
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Fig, 8, The arrangement of spurk chambers in space (top) and
the srrangement of spark chamber views on film (bottom).
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G. The Blectronics _apd _Irigaer Logic

The electronic logic vas designed tc detect the
following condition: an incoming team garticle, wvith no
other beaw particle neatr it ip time, interacts with a
target proton to froduce a final state with nc charged
particles (a “"neutral £1na} stateny, one of the
particlas, not travelling at the sgeed of light, is
detactad by a neutrcn counter., If this happens, the
folloving events take place. High voltage is applied
to fire the sgpark chamters. Switches are set tc enable
lights on the data tox, encoding ipformation atout the
identity of each ccunter which detected a particle, and
the tiwe of flight of the particle detected by the
neutron counter, Filducial lampgs are 1lighted on the
spark chambers, The data box is triggered, and all the
previously enakled lasps are lit. The camera records
the chambers and the data tox. Finally, an B0 ms dead
tise is started, during which the fils is advanced in
the casera and the srark champker bigh voltage capacitor
tanks are recharaed. Ralf-vay through the dead time,
the data box 1light svitches and the time-cf-flight
logic are reset. Hhen the dead time ends, the vwhole
systam is raeaady to detect another evernt.

The logic is diagrammed in Fig. 9, An incoming
pion produces a triple coincidence H H;A; at the BEAM
coincidence unit (B). It may alsc trigger any cf the

bean hodoscope counters, which are nct required in the
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loqic, but are recorded on the data tox, Tising is
arranged so that #®;,, the sost stakle signal, is the
last to arcive at PEAM, and detecmioes the BFAR timing.

The M, signal also generates a dead-tige signal
{DT), which <can wveto the EFAR signal at the next
coincidencz unit, PCHITCR (B). ET has ¢two ¢garts,
generated by D7! and DT2, DT' arrives at MONITOR 52 ns
earlier than the beam signal, and has a duration of &0
ns. DT2 arrives 2 ns later than the start of EEAM, and
lasts for some 600 rs, Each PEAM signal then arrives
at MONITOR along with @ D1 signal which vetos all other
BEBAM signals arrivirq close in time, btut nct within a
windov of 4 ns. Cne particle alcne will te unafta-' ;2,
but Lf tvo arrive close in time, tut sore than abcut 2
ns apart, each vetos the signal <¢f the cther, and
neither is registered as a NCHITCR. This arrangement
prevented the Jaswing cf electronics at the normally
high beam rates, and reduced the grobtability that a
track from one particle wculd be present in the spark
chambers along with the photon tracks frcm ancther., It
also helped tc prevent accidental triqgers, ir which a
vato countar detected one keam particle, Fkut had not
recovered sensitivity rapidly enough to detect a
second.

Ao output signal came trom PCRITCF for each single
beas particle detected. This signal vent to the
coincidence unit GO, where the target vetc counters

were in anticcinecidence. A GC outfput fulse csignaled a
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wpeutral f£inal state™--a reacticp {n which a beas
particle, suitsbly separated in time frow all others,
entered the tarqget region and no charged vgarticles
emerged,

Soase data were taken for which ounly a neutral
final sgtate signal was required. G©Usually, however,
there vas a further requirement cf a signal frcs one
for mora) of the 10 neutrcu counters, which have been
described in section E. The ocutputs fram all twenty
vare fanned togetber at the upnit SN, and the neutraon
coincidence unit (NC) detected coincidences Letveen SN
and GO, It acceptéd SH pulses with a wide distritution
of times. The "prarpt feak®™ contained a 1large npumber
of events with the timning cf particles travelling at
tke speed of light from the interaction in the target
to the neutrcn ccunter. The GC pnlse arriving at NC
vas 120 ns vide, timed to accept pulses frcm =30 to +90
ns, relative to the prompt fpeak, 1In c¢rder to reduce
the picture~taking rate, a short ¢fulse called the
proapt-peak killer (PEK) was also generated from a GC
and SN coincidence, but with timing determined by GoO.
The PPK signal was vused to vetc at NC all events in the
prcapt peak.

As vill be seer in Table 1V, sose data were taken
without ¢the PPK veto ("PEK CUI"), as a possible check
to ba used in future analysis. Bewoving the veto
increased the picture-taking rate ty a factor of four

or five, but {t added cnly rpictures with the wrang
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neutron-counter tiering. The net result was a decrease
in useful data and scapning efficiency.

The decisiaon tc accept an event and fire the spark
chambers was logically equivalent tc an outgut pulse
from NC, In order to determine the neutron ccunter
timing, tvo aore lcgic units were used., NC output was
standardized hy a discrieinator H, and cligped to
obtain a pulse cof definpite duraticn, well-fixed in time
with respect tc the original neutron counter pulse,
And a signal called PIFE required a ccincidence of M,,
M, My, and N, with A in anti-ccincidence, FIFE timing
vas determined by ;. Cnc outgput from FIREF and one
from N vere fed to a time-to-asplitude ccoverter (TAC).
The amplitude of the TAC output vas measured by an
analog-digital converter (ALC) 22, which used a
successive biuary approxieration methcd to measure and
digitize the input fpulse height, The ADC output vas a
channpel nomber frce 0 to 809%, which wvas disglayed in
12 lights on the data tox. The ALCC has essentially
equal channel widths from channel 40 to 4000. It
accapts input pulses less tham 1 @s. long and produces
its output in less than 25 ps. This ccmbination of TAC
and ADC gave a resolytion of six counts = 1 s,
although uncertainties in the rest of the neutron
counter system vere larger.

PIRE output was also the sigral tc trigger the
chambers, tha data Ltox lamgs, the chamter fiducials,

the camera, and the dead time, as descrited abcve.
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. ZThe Lata Bosx

The data bor €as an array of S€ Xenon flash lamps
which were enabled by logic signals from any desired
source, anl triggered by the FIFE signal. It w4as
designad to te scanned ty the automatic scanning
systam, vhich also scanned the film fcx spark images.,
lLapps were set to display the frame nuster, the neutrcn
time~of-flight, and the identity cf each team hodoscaope
counter, neutron counter, and garmpa counter vwhich wuas
triggered. Other data could te set Ly an array of
manual switches, tut this was nct fcund to be useful.
As a check, one light was controlled by the data Gtox
logic, and was set to require that an even humkter of

lights be 1it,
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II1I., pDpata BReducticp and Analysis

A. [Lata Collectjcp

pata collecticn fcr the experimert tock fplace at
the Bevatron of the lawrence Radiation Iaboratory in
Berkeley, from February 19, 1969, tc March 24, 1969.
Set-up and tuning time vas apgroxisately three menths.
Aoch of the developsent and setup had teen done feor
previous exgeriments.

Sir differant teas wcmenta vere used: 8f0, 930,
980, 1030, 1080, and 1130 ®eVyc, with apprcximately
equal numbers cf incident Lteaw particles at each, In
each case, thé trigger requiresent vas a neutral final
gtate plus a count in one (or aorel of the neautron
connters {the “NORMWAL™ trigger). 1Ir addition, the same
asount of film as fcr each mcrentue was taken in a
seventh condition (the *®"RPS" ¢rigger), with a bear
moeentus of 1030 MeV/c and requiring a neutral final

state but not the peutron ccunter.
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Takle 1I. Eictures Taken,
Total Beam 1Trigger Incident ©WNeutral Eictures
Energy Momentum Farticles Fipal Taken
(MeV) (MeV/c) States
1604 880 40 2.008x10° 11.43x10¢ 37120
1632 930 NBHN 1,952 12.%7 42786
1661 980 NENM 1.982 16.93 60559
1688 1030 NEH 1.9139 1€,7C 63858
1716 1080 NEM 2,237 16,49 €ET7€
1743 1130 BBH 1.997 11.2¢ 4E891

1688 1030 NES 2.77€x10¢ :

)

919 23919
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B. Scanning

The fils was scanned by the IBL Group A Scanning
and Measuring staff. The scanners searched ir the two
vievs of each chamter to find watching arrays which
could be interpreted as the two vievs of a shower.
They recorded the tctal numker of photons detected as
shovers or as counts in the gasma ccunters. They also
recorded the locatico in each viev ¢f the position of
the first spark of each shover, seasured on a coarse
grid corresponding tc & spatial rescluticn of akout 2
in., by 3 in.

There are ®ary uncertaintiesx in the scanning
process., The shape of a shower in the chambers depends
on the kinematic details of the gair-grecduction,
brehmsstrahlung, and scattering prccesses whictk groduce
and atsorb charged farticles. In the ideal case, a
shover appears in tle chamber as a ccne of sgarks, vith
the vertex at the ccnversior point of the original
photon, «ud eszpanding laterally as it goes deeper into
the chamber. However, there are several effects wvhich
can alter this shage to the pcint where the sparks, if
there are any, can't be identified as resulting from 3
photon. Especially in the case cf ghctons with eneragy
less than about S0 MevV, the electrons and vrtositrons
from the pair-production and brehasstrahlung may stop
in the chasber material befcre they pass through many

plates and gaps. The result is a shcwer with less than



38

thres sparks, which can't be counted Lecause of the
confusion with sgrricus sparking in the chasters. 1In
the case ot photcns with higher enerqy. the
brehasstrahlung ghctons may go several inches tefore
reconverting. The result aprears to be a separate low-
energy showver. In any case, sfpuricus sparks can be
produced by processes not associated vith a gheton, and
be counted as shcvers, %hen there is wmore than one
shover in one chamkber, one may cverlap apother in o¢ne
or both vieuws, atrd the scanpner sest sort them out by
matching each spark in one view with its wmate in the
other, This is a tise-copsuming and frustrating
process, and cca which invites error.

Besides the gjfroblems caused by the difficult
decisions that the scanners had tc make, thete was the
posgibility of an outright blunder. A sScanner could
siss a shovwer ccapletely, or wmake a gzistake in
recording the grid coordinates or even the chamber
nuaber. In order tc estimate statistically tbe effect
of scanner errcr, a sasgle of abcut 9000 frames was
scanned three times by three different scanners. Their
results vere ccapared frame-by-frase, and in case of
disagreemes* the frame vas scanned Ly a physicist, vho
decided the "truth® for the frawse. Treth in this case
was determined by well-defined scanning instructions,
in which each shower was examined separately and
vithout reference to the other shcvers cr to the

apparent geceetry cf the event. (Alecst all of the
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detected reactions produced an even number of photons,
but scanning with this information in sind wvould have
produced bilases, The scanner ce¢uld ipclude a marginal
shower if it made an even mnmier, or reject it if not,
and if the fipal total was an odd numter, he would
perhaps take another look, Fcr this reason, the
scanning criteria could not ipvolve the event
gecsetry.)

This conflict-tcan proncess gqave a sample cf 27,000
scans, together vith a resnlt for each scan that should
have bezsn reached ty the scanner, In the case of two-~-
showar avents, vhich is the only sample used in the
analysis for this thesis, the prcktatility wvas 93,9%
that the scarner would correctly ldentlify the event,
In addition, there vas a certain fgrctaktility that a
scannher would wis-label as a tvo-shower event an event
vhich in truth had ecme different nuoster of showvers,
This added to the recorded nuwmber of two-shover events
a nusber egual to 9.0% of the true nusmter. The extra
events could be rejected with high efficiency &ty
kinematic analysis, but the ounidentified two-shower
aevents vwerea lost, and a correcticn factor was used to

account for theam,
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The scan results, including the aprroximate
locations of the showers, were keygunched onto IBM
cards. These were fed to the Spark Chamber Apalysis
Library Program ({SCALE)23, which recorded +thewm inp
packed format {n a "masterlist™ on magretic tage. The
file vas scanped by the IBL SASS machine2%, a gracision
cathode-ray tute and photcmultirlier systes driven by a
Honeywell pDe-24 ccmputer, cecrtrolled by progras
FLICRERS.2S

PLICKERS first scanned the area cf the film in
which the data tox appears, and deccded the spots it
found as lights on the data box. It then scanned the
area whare the chambters agpear, and recorded the
positions of all spcts it found, supposing that these
vere the images cf the chambter sparks. FLICKERS was
designed to ask for cperator intervention if it finds
sosething obviously wrong, like a rarity error on the
data box or missing fiducial lights, btut it dces not do
sophisticated error checking.

The FLICKEBS output tape, with its information
abcut the lccaticn of sparks, was fed to the CDC 6600
computer systed, tunning prcgraw LHABRMA-HANDSCAN2e,
DHARMA-HANDSCAN read the SCALlF pasterlist for an event
to find the apgroximate lccaticn of each shower, as
recorded by the scanner. It then processed the

PLICKERS tape inforsation for the same event, lcoking


http://FLICKEBS.es
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for sparks corresponding to shcwers in the giver
positions. If OHAB®A-HANDSCAN fcund sparks that it
could call a shower, it recorded on an outprut tape the
position of the first spark and the direction of that
shover.

The ultisate gcal vas to have a frogram (CHARMA)
which would analyze FLICKEES cotrut informaticn and
reconstruct the shcusr positiots and directions without
guidance from the scanners, However, this has rroved
to he a very difficult protlem, due to the great
variations in the appearance of shovers in the
chambers, to the presence of spurious sparks which must
not be identified as shovers, tc air sgaces which
separate shover segsents in real space, and to the
problees of matching two views, in which cverlagpping cf
different showers may cccur, TCHABNA was npot used in

obtaining the results presented in this thesis.,
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The maasurasent informaticn frcs DHARMA-HANDSCAN
vas fed to SPSOE27, an adaptation for spark-chamher
physics of SI1C0X28, & kinematic analysis prograams,
SIo0X does kinematic fits of the seasured particle
energies and directicns to predetermined hypotheses as
to the number and identities cf the interacting
particles, It requires energy-scozntuer ccnservation
and assumes that the measured quantities have gaussian
eLEOCS,

The result of a fit is the energy-momentus vector,
with errors and correlations, fcr each particle in the
hypothesis, plus X2 values that indicate bow much the
data had to be changed in crder tc reach a physical
goluticn.

The most difficult fgrctlem in interpreting the
results of these fits is in deciding the biases that
are introduced, and trying tc eliminate c¢r correct
thenm, For this thesis, fits wvere done tc the
hygpothesis

m-p->n¥¥
Por the fimal distributions, all c¢f the experimental
inforwaticn was uysed, and the gzpma-gamma sass was
constrained to bhe that of the eta. Fcr evaluation of
background and resclution, cne or more quantities, such
as the gamma~-gamsa wass cr the neutron tise-of-flight,

vare left unconstrained, The difference between the
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value of a quantity, calculated frcr a measuresent, and
the value calculated bty SICUX without using that
patticular measurement, gave a good indication of the

reliability of the fit,
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A Monte-Coarle progtam was written for the L.B.Ll,
compauters, to analyze the ecffects of gecmetry and
kinematics on the detection efficiercy for various
reactions. The frrcgcrtam generates large npusbers of
events of amy tcpolcgy with any desired production and
dacay distribution for each garticle, ard examines the
behavior of the resulting neutron and ghotons. Cuts
and weighting factors can te applied to simulate the
effects of oxperimental apparatus, and the resvit is an
output tape siamilar to the tape prcduced ty DHARMA, but
with the "truth™ for each event as well as the measured
quantities, There is alsc provieion for histcqramming
in the program, to avoid the cemplication and delay of
tape handling. In tha early stages of the analysis,
the fonte-Carlo ocutput was wused for evaluating the
performance of SESUR, and adjusting some of the SPSUE
parametars. Its use for this thesis is tc gpreovide an
estimate cf the cverall detecticn efficiercy as a
function of production cosine, which is used as a
factor to correct the observed distribution cf detected
events and give the distrituticn of events actually
produced in the target. The rest of this section is a
description of some of the rparts of the Mcrte-Carlo

calculation,



us

2. Event_Generatigh

Events were gererated ty =y adaptation of SAGE
IT29, a subrootine package for generation cf Monte-~
Carlo evants uwith any nusber cf produced rarticles, amnd
distributions corresponding t¢ phase-space or a part of
it, to a Breit-#igner formula, to a "peripheral rhase-
space™ distritution, or to a coamtination of them, The
events could he further weighted tc give any desired
cross-section, although this is 1ipefficlent if the
additional weights differ greatly fros a constant,

For each event, the package prodogced the momentum
four-vectors of each particle, in the laboratory and
center-of-mass systems. The final neutron and photon
laboratory vectars vere then wused in subsequent

calculations.
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3., Neutron-lead Scattering

The scattering of the neutron in the npaterial ot
the spark chasters, through which it had to pass hefore
reaching the feutrcn counters, vwas estimated using
total cross-secticrs of Iindentaum3o, The angular
Qistribution for non-elastic scatters was assumed
isotropic for aangles less than 309, zero bLeyond.
Results were not sensitive to this <chape, since the
reduced neutron velocity and 1increased gpath fron
hydrogen target to neutron ccunter caused SIOORX to
reject the event in any case., The apgular distribution
for elastic scatter vas calculated using the
diffraction peak ir a tlack disk apprcximationdt, The
total effect was evaluated as part of ¢the HMonte-Carle
calculation. 1In each generated event, the neutrenm path
vas generated from the hydrogen target, thrcugh fhe
chanbers, and ¢to the final hit ¢r miss of a peuntron
counter., Multiple scattering was allowed, simply by
repeating the scattering calculation starting at each
new scattering point, until the neutren either stopped

or escaped the chamters.
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4, Heutron Counter Efficiency

The protability that a neutrcn counter wsould
detect a neutren vwhich hit 1t was calculated as
descrited in Secticr IT E, and expressed as a function
of neutror kinetic energy, shcwn in Fig. €. It is
approximately 21% at high energies, but rires highér at
energies below 10 BeV. It falls again at energies
below 18 HeV, but these energles are kinesatically
impossible 1in the eta-producticn reaction, at our

experinental beam ocumenta.
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5. Spark Chapter Efficiency

For each phetcr entering the material c¢f tha spark
chambers, tha cross~section fcr cocnversion on aluminum
and lead was found, and used tc generate a distance
traversed in paterial before the shower started in the
chapber. A "mathematical shower" vas generated, with
properties based on the <Ltehavicr cf experimentally
observed showers caused bty photcns of the sare energy.
The mathematical shower ccnesisted c¢f regicns where
charged particles uwere present, and wculd wmake sgarks
in a chamber, and regions where they wvere not. This
vas then comgared tc the spark chamber construction,
starting at the ccnversion point and continuing along
the direction of the shower. 1In the regions of active
chamber, sparks were Pseen', In the other regicus,
vhere the shower had no charged garticles or the
cbamber had a dead area, no sgarks were allowed. The
final result vas a good estigpate pot anly of the
visibility of the shower, but of the nusber of sparks.
It allowed an estipmate of the effect of cuts on the

nubber of spatrks in the experisental events.
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6. Sioux Bfficiency

1f measured values differ in a gaussian way frcm
the true valaes, aad if the rescluticn of the
experimental apparatus is understocd, and if the
positions and properties of the experimental equipment
are carafully measured, then the fraction of events
rejacted hy any cut in X2 cr ccnfidence level is
calculable and, hopefully, small., The confidence level
distribution is ideally flat, and usually rises below
the 1% level, due tc poorly measured events.

However, in this experiment, pany quantities had
measurement ercors which vere aobviocusly not gaussian.
Por ipstance, the neutron direction is kncwr to point
toward the neutrer counter, but any position on the
counnter is equalliy likely. (Ir SESUE, the
approximation as msade that the measured direction was
the counter center, and the uncertainty was an BR.M.S,.
approrimation to the ccunter radiue.) The photon
energy was measured by counting the npumker of sparks
seen, and wultiplying Yy an obliquity factcr and an
average energy-per-sgpark, but the uncertainty in this
neasuresent is sopewhere near a factor of 2.0. (To
bend this measuremwent into sceething that could tYe
approximated 8s gqausslanly distributed, the logarithm
of the energy was taken as the basic measured
gquantity.) To evaluate the effect on real data of the
fits by SPSOE, data generated Yty the Morte-Carlc

progras vere analyzed also. The resultiny SPSUE
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fdetaction efficiercy® was treated as ane more

correction factcr tc ke applied tc the data.
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In general, the multiple constraints imgosed ty
SPSUE vere sufficient to elisinate totally any
tackground events, Hewever, one class of spurious
events caf pass even the strict SESODE criteria. It is
possihle that follcwing a good eta prcductiom event, in
vhich a slov neutron is produced and both the neutron
and the eta go forward in the lakcratorv reference
frame, the neutrcn ccunter is triggered well tetore the
neutron should arrive, bty charged particles prcduced by
one of the photons. This effect becomes visible if a
SPSUE fit is done, without using the measured time-of-
flight informatior. 1In this case, the fit to an event
gives a prediction of wvhat the time-cf-fliqht should
be, and coaparing with the weasared times shows a
relatively large number of events of the atrove class,
with lcng predicted tines and shart seasured times. It
is vefy dif¢ficult tc wmeasure, Lecause of the small
nasber of events, tuot there wust alsc exist a smaller
background of gaad events with a spurious neutron
counter trigger which comes near the correct time, in
an event which would not otherwvise cause a neutron
counter trigger. Qbwviously, these events cannot te
rejected by SESUE on kinematic grcunds. The ouly
method of estisating this backgrcund is to make a plot
of the measured time-of-tlight agaipst the time-of-

flight predicted from all the rest of the kinematic
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information, and to extrapolate this distribution from
the region of unegonal times tc get an estimate of the
background in the reglon where the {(spurious) measured
time-of-flight 1is equal to tbe time-cf~flight required
by the avent kinewatics. The wubcertainty on this
estimate is large, but fortunately the subtraction is
swall, The only region which is affected corresgonds
to a large range in neutron tige-of-flight, but to a

production cosine crly frce 0.9 tc 1.0.
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G. Differential Crecss=Segtion

The analysis was done in two parallel operations,
as described ataove, The kinematic analysis of the real
data, done primarily with the grogram SESOE, produced a
nusher of events, for which all the nmeasured
information fit the eta-production hypothesis, and
which are tinned according to the groducticn cosine
calculated frcm thke €£it, This distritution cf
production cosines, containing tetween 300 and 900
events at eack momertue, was modified cnly by a small
tackground subtraction.

In an independent computer jch, a large nember of
Monte-Carlo events with a flat angular distribution was
generated and used +to determine the tin-ty=bin
probability that an event produced in the target would
be detected as a two-shower event, and that the
resulting measured event would be identified by SPSUE
as fitting the sawe event hypothesis, (A second
guestion, of course, 1is whether SESUE would give the
correct production ccsine, Analysis bty SESUE cf Monte-~
Carlo events, for which the "truth" uas known, showed
that the resolution in production cosine was tetter
than half the width cf the tins used, =0 this
resolution was not uvsed in later calculations.)

Por sorting the events into tips in production
cosine, the width of the Fins vas decided somewhat

indirectly. 1The Mente-Carlo studies =howed that for
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production angles in the ‘tackward hemisphere, which
sent fast neutrons toward cme of the swall-angle
connters, each neutron counter covered a different
range of production cosine, with little cr no overlap.
In this range, a natural kinning scheme of one tkin for
each neutron ccunter was used, desgite the difference
in bin width, On the cther hand, events with
scattering angles in the fcrward hemisphere tended
mainly to send nreutrons at large angles ir the lab
systes. Bach ccunter in the lab ccvered a relatively
large range in the c.m. system, and the counter %that
was hit depended on the location of the interaction
along the 8-in. lergth of the target as well as on the
c.n, producticn angle. In the forward heamisphere,
therefore, ter equal bins were taken in groduction
cosine.

The total numter of eta events im each bin,
produced but nct necessarily detected ty the
experimental apparatus, was found ty ccmparing the

Monte-Carlo events with the real data, using the

proportionality
DATA {detected) BC jdetected)
DATA (total) = HC (total)

wvhere, for each bin,
DATA (detected) is the number of real events seen,
DATA (total) is the total nusber of real events,
MC (detected) is Monte-Carlo events seen,

and MC (total) is total Monte-Carle events.
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Since the evepts were generated isotrcpically,
MC (total) 15 =imply the fracticpnal size cf the tin
times the total npuaker of Monte-~Carlo events qenerated
in the entire range from -1 tc 1,
MC({totai) = AC x (DC/Z.)

where MC is tha tctal nusber of Bonte-Carlo events,
and DC 1is the range of cosines cavered by the bin,
(DC is not well defined, since the range covered bty
each neutron counter depends on several kinematic
factors. It cancels out in the next calculaticn, so
this is not a groblen.)

The differentisl cross-secticn is given by

do _ DATA(tctal) _A_ __3___

an - I gNd  2wDC
vhere DATA {total) = nusker of events gproduced

in the cecsine range CC,

total effective incident picn flux,

length of the liquid hydrcgen target (20 cm),
atoaic weight of hydrogen (1.01 g/g-atons),
= density cf liquid hydrcgen {0.0708 gscmd),
= Avogadrc's numter

(0.6024 x 102 atoms/g-atom).

o

I
a
A
€
N

and

FPipally, the differential cross-section in each
bin is

A
Qﬁd

Jr . DATA(detected) |
In MC (datacted)

st

The numbers used in determining the total
effective incident gpion flux are givem in Table III.
Various correction factors were necessary taecause of
experinental apnd aralytic effects not contained in the
above Eoglula. They are described in the follawing
saction and in Table TIV. The final values for

differential cross-section are given in Table V.
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H. Correcticns

1. correctjons to Jncident Flgx
Bpanalyzed Ejctures

Some of the pictures taken wvere lost or unusable,
and some of the tvo-shover events which vwere found in
scanning vere nct analyzed, due tc cosputer rroktlems,
Both these effects w®ean that the number of incident
pilons vhich produced the events which vere analyzed was
sualler than the total number whicbh were counted by the
experinmaental electronics, The factors fcr each
separate energy and trigger condition are found in

Takles IIX.

Bsam_cContamjpaticn

The incident beam particles vere not all pions.
Buons and cizctrors could also pass down the bean
channel and wvere ccunted, tuot vwvould nct react to
produce a trigger., 1The team comgosition wvas shown in
Table I. The pion flux is the measured tear flux times

this factor.
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Extraneons_JIpteractions_of the Beam_ipn the Target

As the fion team passed <thrcugh the liquiad
hvdrogen target, some of the ricns interacted to
produce final states other thanm the cnes o¢f intarest,
The cross-sectiun fer all such pion-froton interactions
is about 50 mb. A pion that interscted was nc lcnger
available to produce an eta, so the eftective ricon flux
vae smaller than the seasured flui, The fraction
scattered over the whole length of the target is
(5/1) = (a~Qud/l), where S is the number of scattered
picns, o is the ox-f total crcss-section, and the other
syabols are defined above, This is 7.0%, The average
fraction scattered before reaching any pcint was half
of this: or 0.035, and the total effective flux aust

include a facter of (1. - 0.,035) = 0.9€5.
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Table IIXa, Rffective Flux Calculaticn for 880 MevV/c

Target fFull

"pPER" IR

Beam Particles (NORITOE) 2.008
Neutral Final States (GO) 11.43
Fictures Taken 3712¢
Pictures Scanned 3710¢
Two-Shovwer Events Seen 18392

Two-Shover Events Analyzed 146 1C

Corrections to Incident Fluox

for pictures not scanned .9996

for two-shower events . 949
not analyzed

for bheam contamination 0.7C

for extranecus tean C.96¢
interacticns

Total Rffective Beas Flux 1,287

{Treating PPK In and Cut 1.360
together)

Eta Events Pcund bty SPSUR 8ce

Eppty
IN

«500
0.4048
1279
1279
461
u3e

1.0
«950
0.7¢
C.965
0.321
0.321

Full
ot

0.206
1,166
14561

85E8

4124
3653

.5€98
. 8858
0.70

0.%65

0.073

x 10°
x 106

- 2 o T B
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Table ITIb. Effective Flux Calculaticn for 930 MeV/c

- - D - e Dt e = P 4 4R -

Target Full Empty Pull
AppK™ IN IN coT
Beam Particles (MCNITOF) 1.952 0.500 0.1y x 10°
Neutral Final States {GC) 12.S7 0.4738 0,929 x 10¢
Pictures Taken 42786 1349 12421
Pictures Scanned 40960 907 0
Tuc-Shower Events Seen 1804 € 419 [1}
Tuc-Shower EBvents Aralyzed 17538 419 0
Corrections to Incident Flux

for pictures not scanned ,957 672

for two~shover events .972 1.0

not analyzed
for heam contasinaticn 0.73 0,73
for extranecus Leanm €.965 0.965
interactions

Total Effective Beas Fluz 1.279 0.237 x 10°

Bta Events Foupd ky SPSUE 602 5
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Table IIIc. Effective Flux Calculaticn for 9€0 MeV/g

Targat Full Espty Full

WPEK"® I8 IN ou1t

Beam Farticles (MCNITOBR) 1.982 0.€21 0,145 x 109
Heutral Pinal States (GO) 16.93 0,6015 1,248 x 10¢
Pictures Taken €0559 2231 18135
Pictures Scanned 5eqe? 1468 2925
Two-Shower Events Seen 25892 727 1519

Two~Shower Events Analyzed 28068 694 1492

Corrections to Incident Flux

for pictures not scanned .959 . 658 . 161
for two-shower events .930 . 95% .982
not analyzed
for beam contaminatjon 0.89 0.€9 0.€9
for extraneous lteaa 0.965 0.965 0.965
interactions

Total EBffective Beam Flux 1.518 0.335 0.020 x 109

{(Treating PPK In and Cut 1.53¢ 0.335 x 109
together)

Bta Bvents Pound bty SPSUE 514 7
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Table ITId. Effective FPlux Calcnlaticn for 1030 MevV/c

- D D e e e Oy P e ) R T e B an

Target Foll EBrty Full
MpPER" I8 1B [e] 158
Beam Particles (BGCHITOR) 1.939 0.500 0.183 x 10°
Weutral Pinal States (GO) 16,70 0. 4744 1,578 x 108
Pictures Taken 63858 1839 24382
Eictures Scanned 49290 1292 4]
Two-Shover Evants Seen FANER] 1 0
Tyo-Shover Events Analyzed 204632 usy 0
Corrections to Incident Flus
for picturas not scanned .772 «703
for two-shouwer events . 962 . 866
wot analyzed
for beam cortasiraticn 0.89 0.89
for extranecus team 0.965 0.965
interactions
Total Effective Beae Flux 1.211  0.233 x 10%

Bta Eventa Found by SPSUR 31 3
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Table IITe. Prffective FPluz Calculaticn for 1080 KeV/c

e 0 o D D ) s - e > 0 = T S = - >

Target Full
APEK® IH

Bean Farticles (BCNITGRH) 2.237
Reutral Pipnal States (GO) 1€. 49
Pictures Taken 65776
Pictures Scanned un712
Tuo-Shover Events S&en 19934

Tvo-Shover Bvents Aralyzed 1487

Corrections to Incident Plugxy
for pictures not scanned .680

for two-shower events .978
not analyzed
for bean centawminaticn G.92
for extranecus tcean 0.965
interactions
Total Bffective Beam Flux 1.321

Bta Bvents Found by SPSUE 400

Enpty
IN

0.668
0,6387
2626

1847

722
107

PRAVK]

.979
0.52
0.965
0,408
1

Full
CUT

0.148 1 109

1.£80 x 10¢
17229

0
Q
1]

- 8 - 2 D D o D o D D A B D R ek P 3 - -
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Table IIIf, Effective Plux Calculaticon fur 1130 NeV/c

- = o oy e A - -

Target Full Empty Full
WpEK® IN IN cuT
Beams Particles (MOKITOR) 1.997 .519 0.213 x 109
Nautral Final States (GO) 11,25 0.4248 1.198 x 10
Pictures Taken 46891 1831 1989¢
Pictures Scanned 44940 193 3u8
Two-Shover Events Seen 1E67C 54 1645
Two-~-Shower Events Analyzed 17354 49k 1316
corrections to Incident Plux
for pictutes not scamned ,¢58 . 818 « 178
for twvo-shover events «929 .693 . 8C0Q
not analyzed
for beam contamination .93 0,91 0.G3
for extranecus Leasm €.965 0,965 0,965
interactions
Total Effective Feas Fluox 1,595 0,339 0.C27 x 109
{Treating EPK In and Qut 1.622 2239 x 10°
together)

Bta Events Pound by SPSUE 431 6

B ot D b o Y D Y D R L o D o8 e W
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2. Target Eapty Syttractjon

sona of the events which passed all criteria for
good eta events vere in treth the result of
interactions of the beam with the wsaterial of the
target container, rather than with the liquid hydrogen.
Cata were taken with the liquid hydrogen <rained fros
the flask to weasure this effect. The rate of
generation of good events with an emgty flask is

Target Emgpty BRate (TBY = Good Pvepts/Incidert Flux
The Target-Full Bate is calculated similarly:
Target-Full Bate (TF) = Good Eventss/Incident Flux,
but this rate counts events generated in Loth the
hydrogen and the flask. The rate of generation of
evants in hydrcgen crely (RO) is a sisple subtraction:
HO = TP - TE,
The correcticn factor to gao frows a target-full
measurement to a value for hydrogem only is
RO/TF = (1P-TE),/1P = 1, = TEB/1P
The uncertainty in this factor is due wmainly tc the
statistical uncertainty in the csmall nuster of passing
events with target empty.

Por instance, at B8O MeVsc, with target full 856
good events rasulted from an eéffective incident flux of
1.360 x 10° incident pions. W&ith target eapty, aleven
events resulted fros 0.321 1 109 incident pions. The
relative rate is

(/710,321 3_10%) = 0.C53 ¢ 0,016
(856 /1, 360 ¥ 109)
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The correction factcr to te applied tc the total cross-
section is 1, einuc this, cr C.946 & 0.016.

The total nuskter of target-espty events was so
small-~-less than twelve €for each energy--that no
analysis could te dcne of the anqular dependence. It
1s conceivable that rejection ty SESUE, as a function
of angle, of eavents generated in the flask was
different thapn fcr events generated in the center of

the target. This effect was nct analyaed.
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3. Hiscellanegns Corrections_to_Cross=Secticn
Ehoton Cobwersicn

once an eta is gproduced and decays into two
photons, each photon could possibly ccnvert in the
liquid hydrogen, alusinum, Mylar, or scintillator of
the target and 1t§ veto counters. The sigpal from the
electrons passing through the vweto-ccunters socked a
charqed final state, and no event vas recognized. I
estimate frowm the cross-section for fphotons cn these
materials, and frcm the target gecuetry, that each
photon had a 3Y chance of vetoing the event in this
vay. This neans that ¢the cross-section eust be

corrected by a facter of (1.,0,97)% = 1.063.

Irtorpal Conversion

Internal conversion, when one of the crhotons
convarts to an electren-pesitron pair in the original
interaction, is usvally considered part of the original
n-> ¥Y¥ decay, rather than a separate decay with a
charged final etate. Accordirg tc Dalitz' fcrmula3?,
the probability fecr this is 1,62% (fcr either photcn,
not for each separately), so a ccrrectica of 1,/0.9838

is needed in the crcss-section.
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As discussed ir Part B. of this Section, only
93.9% of the eta events were correctly identified Ly
the scanners. A factor of 1.,C.939 is needed in the
cross-section, This excludes ¢the possibility that a
scanner iabeled as a tvo-shower event one which was
really something else, because SPSOFR rejected these

avents with gocd reliatility,

There was another possibility cf losing an event.
The two showvers from an eta decay were soaetimes
accomrpanied by a third, left over frc¢m a previocus event
or a heam particle, With emncugh tire, the clearing
field applied to the chasbters swept out all the ions
left by previcus events, kut the sensitive time of the
chambers wvas about 1 ps. 1he size of this effect was
estimated by analyzing a sasgle of events with three
shawers, lookitg at each galr and trying to fit the
avent by a twc-shower hyrothesis. At the bean
intensity at which cor data were taken, the number of
three-shover events vhich fit the two-shower hypothesi:s
shovs that 16% of the tvo-ghover events are missing due
to this "feed-up” effect. This requires another factor

of 1.,0.84 = 1.19 in the cross-section.
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The final state detected for these calculations
vas a neuntron and two photons, resulting frcs reaction
(1), repeated here:

T = o m
and the decay (2):
= XY ).
To find cross-sections for reaction (1), cne must
divide the results given in this rpagper by the ratio of

the decay (2) tc all eta decays3:

B(q,-i all decays)/F(n -> ¥X¥) = 2.63



Table 1Y. Correcticns to Cross-Secticn

- - -

Jarger=-Bopty Suttraction
Mosentusa 880 930 984 1029 1080 1130 MeV/c

Target Full
Events 856 602 514 31 400 431
Eions 1.360 1,279 1.538 1,211 1,321 1.622 x109

Target Rapty
Rvents 19 5 7 3 1 6
Elons G321 0.237 0.335 0.233 0.408 0.339 x10°

Correction

Pactor 0.946 0.955 0.937 0.%%c C.911 (,933
Error ¢ 0.016 0,020 0.024 0.026 0.027 0.027

Miscellaneous_Cgrrections

for Photon Ccnvaersicn 1.063
for Internal Conversion 1.016
for Scanner BError 1,065
for “Feed~0p" to Three Shovers 1.190
for All Eta Decay Mcdes 2463

Total Biscellanecus Corrections 3.602

g 0 P D T D 8 P Y D D O T A6 D AR S P L e Y - -
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Table va, Differential Cross~Secticn for BEC MaV/c

Cosina Fitted Backg*nd HMcnte- Differential
Range Bta Bvents Carlo Cross-Saction
Events Events {nb/sr)

-¢95/-.90 91 7€.5 216.6 ¢ 22.7
-.89/-.82 e1 79.: 186.0 ¢ 20.7
=70/=.60 8e 7%.9 211,11 ¢ 22.5
~.58/-.045 61 67.6 164,23 ¢ 21.0
~.43/-,.29 €C 66.0 160.7 & 20.7
- 27/-.11 5C 86.2 105.6 ¢+ 14.9
~-.10/0. 3z §42.35 137.6 ¢ 24.3

.0 /¢.10 22 40,25 99.5 ¢+ 21,2
+.10/4. 20 i 36.12 126.0 ¢ 25.2
+.20/+4.30 N 37.93 148.8 ¢ 26.7
+,30/+.40 3 34,36 164.3 ¢ 29.5
+,40/+.50 3¢ 31.E€ 171.5 ¢ 31,3
+.50/¢.60 3¢ 35.94 152.0 ¢t 27.8
+.60/+.70 25 43,12 122.5 ¢ 22.7
+,70/¢.80 n 43,74 129.1 ¢ 23.2
+.80/+.90 44 2.8 35.81 211.9 ¢ 34,9
+.90/1.00 66 2%, 47,2€ 127.1 ¢+ 70.8

Result is based on a total effective beam flux of
1.360 x 10° plons, and includes a Target-Empty
suktraction factor of 0.946, and a facter for
miscellaneous corrections of 3.60z,

The error reflects only statistical oncertainties.

o = P e 2 Y D oy W o 0 W P D W W R R T W 4
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Table ¥b. Differential Cross-Section for 930 HevV/c
Cosine Fitted Backg'’nd Monte- Pifferential
Range Eta Events Carle Cross-Section

Bvents Events {(pb/sr)

~a95/-.91 72 63.7 212.9 ¢ 25.1
-.90/~.83 79 52.0 286.2 ¢ 32,2
~e72/-.63 S¢ €E.1 162.1 ¢ 22.9
-e62/=,48 27 59.5 117.1 ¢ 19.3
-.47/-.34 3c €z.9 104.8 + 17.7
“e32/-:17 24 €5.4 69.1 ¢+ 14,1
-.15/4¢,01 k] 7C.7 87.9 ¢ 15,3
-.02/¢.10 27 45.73 111.2 ¢ 21.4
+.10/+.20 19 34.50 103.7 ¢ 23.8
+.20/+.30 1€ 32.14 93.8 ¢t 23.4
.30+, 40 17 26.4¢C 121.3 ¢ 29.4
+,40/4.50 17 23,486 136.5 ¢+ 33.1
+.50/4.60 1€ 26,71 112.8 ¢+ 28,2
+.60/+.70 26 3Z.59 150.3 ¢+ 29.5
¢.70/%.80 18 33,47 101,2 ¢ 23,6
+.80/+.90 20 10. 8,92 110.7 ¢ 30.7
+.90/1.00 41 22.3 44,38 89,2 ¢+ 50.4
Result is based on a total effective bean flux of
1.279 & 10° gioms, and includes a Target-Empty
Suttraction €actoer of 0.95%, and a factor for

Biscellanecus correcticns of 3.602.

The error reflects only statistical uncertainties,
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Table Vc. Differentlal Cross-Secticp for 980 MevV/c
Cosine Fitted Backg'rcd Heonte- Differential
Range Eta Events Carle Cross-Section

Events Events {pb/srt)

-.96/-.91 [:1:] 46.8 279.0 ¢+ 29.7
-.90/-.60 52 58.3 132.3 ¢+ 18.4
-.14/=.65 3¢ 52,3 102.1 ¢ 17.0
~e63/=.52 26 58.4 66,1 ¢+ 13.0
~e51/-.39 2¢ €€, 1 56,1 ¢+ 11,2
~o3T/=. 20 z€ 58.1 66.4 ¢ 13,0
-v22/+-.08 3z 6.2 B4.5 ¢ 14.9
-.07/+.09 28 46.€ 8.8 ¢ 16.8
«0 /4,10 26 30,23 127.6 ¢ 25.0
+.10/4.20 21 27.89 111.7 ¢ 24.4
+,20/+.30 15 30.74 72.4 + 18.7
+.30/4,40 1€ 27.66 85.8 ¢ 21.5
+,80/4,.50 1 24.94 65.4 ¢ 19.7
+.50/¢.60 12 27.59 64.5 + 18,6
+.60/4,70 13 32.11 60.1 ¢ 16.7
+,70/+,80 13 30,41 63.4 + 17,6
+,80/¢,90 " 3.0 5,08 65.1 ¢ 23.8
+,90/1.00 3z 18. 56,12 37.0 ¢ 28,1
Besult is based on a total effective beam flux of
.538 x 10® gions, and includes a Target-Eapty
Subtraction factor of 0,937, and a factor for

miscellaneous correcticns of 3.602.

The error refleécts only statistical vncertaintias.
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Table vd. Differential Cress-Section for 1030 MeV/c
Casine Fitted Backg'rd Mcnte- pifferential
Range Eta Events Carle Cross-Section

Bvents Events {nk/sr)

-.96/~.92 i€ 1.8 139.7 & 23.6

-.90/-.85 3¢ 55.5 111.7 ¢+ 20.4

~.75/~.66 13 60.8 uu.3 £ 12.3

=,64/-.54 14 €6. 4 43.6 £ 11,6

=e53/-.41 10 S5Z.0 36.7 ¢ 12.6

~e39/-,27 10 £5.0 35.0 £ 11.1

-.25/-. 11 17 58,1 60,5 ¢ 14,7

-.10/+.05 2€ 80.0 130.8 ¢ 26.3
.0 /4,10 14 25,13 115.2 ¢+ 30.8

+.10/+,20 17 30.0% 116.9 ¢+ 28.4

+.20/+.30 14 30.313 95.4 ¢ 25.5

+.30/+.40 € 26.32 62.8 ¢ 22.2

+.40/4.50 13 22.7% 117.9 ¢ 32.7

+.50/4.60 1€ 2:.36 123.3 ¢ 34.4

+.60/4.70 1E a7.63 112.2 ¢ 29,0

+.70/¢.80 14 32.90 88.0 ¢ 23.5

+,80/4,90 15 3.0 37.17 66.7 ¢ 23.1

+:.9021.00 17 20. 46.73 0.0 ¢ 47,8

fHesult is based on a total effective beam flux of
1.¢11 x 10° gions, and includes a Target-Empty
subtraction factor of 0,955, and a factor for

miscellaneous corrections of 3.602.

The error reflects only statistical uncertainties.
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Table Ve, Differential Cross-Section for 1080 MeV/c

- - - D A - -

Cosline Fitted Backg'ud Monte- pifferential
Range Bta Events Carlo cross=Section
Events Events {ntk/sr)

-.96/~-.92 15 59,¢ 45.9 ¢+ 11.8
-.91/~,86 1€ 61.9 46,1 ¢ 1.4
=.T6/-.67 " 76.9 26.0 ¢ 7.8
<.65/=.56 19 57.7 31.5 ¢ 10.0
=, 54s-.43 18 52.9 §1.9 ¢ 4.6
- 41/-.30 23 60.3 69.4 ¢ 14,5
-.28/~.15 22 68.25 58.7 ¢ 12.5
-.13/0. kK] €2,.C¢S 115.5 + 20.1

0 /+.10 21 35.9¢ 136.5 ¢ 2€.3
4. 10/+.20 2C 31.1¢8 11647 & 26,1
+,20/7+.30 A 25,81 We.1 ¢ 32.3
+.3074.40 n 5.1z 224,6 ¢ 40.3
4, 40/+.50 28 21,99 206.9 ¢ 41,18
+,50/+4.60 31 28,94 194.9 ¢+ 35.0
+,60/+.70 23 27.79 150.6 ¢ 31.4
+,70/4.80 2€ 24,84 190.5 ¢ 37.4
+.80/+.90 15 3,0 23,54 92.8 ¢ 32.1
+.90/1.00 25 21, 27.€C 52.7 ¢+ 77.8

Besult is based on a total effective beas flux of
1.321 x 109 fioas, and includes a Target-Empty
Suktraction factor cf 0.911%, and a factor for
miscellanecus correcticns of 3.602.

The error raflects only statistical sncertainties.,
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Table vf, Differential Cross~Section for 1130 HeV/c

Cogine Fitted PBackg’rd Honte- Differential
Range Eta Events Carlo Cross-Section
Events Events (pb/so)

~.96/-.92 1€ 45,6 51.3 t 12.8
-.91/~-.87 1€ 56,2 27.0 ¢ 8.5
<.77/-.68 € 1€, 8 15.9 ¢ 6.5
-.66/-.58 14 S3.3 35,1 ¢ 10.%
-e56/=,45 € €3,17 59,7 £ 11,7
-.43/-.33 24 61.8 €6.8 ¥ 11,6
-.31/~-.19 32 52.8% 91.4 ¢ 15,9
-.16/~.004 kv 42.75 102.7 ¢ 18.8

0 /%10 3¢ 27.23 161.7 ¢ 29.4
+. 10,4, 20 3k 30.5¢ 162.5 ¢ 27.9
+,20/¢.30 27 25,49 154.9 ¢ 295.€
+,30/4.40 khi 27,15 166.9 ¢ 30.0
+.40/4,50 3< i1.83 180.8 ¢ 27.2
+.50/4.60 k] 33,37 130.6 + 23.9
+.60/¢.70 24 32.37 108.4 ¢ 22.1
+.70/%.80 15 33.90 81.9 ¢ 18.8
+,80/¢.90 € 3.5 uo,.e3 59.1 ¢ 17.2
+.90/1.00 13 290, 35.59 0.0 ¢ 30.5

Result is based on a total effective keam flux of
1.622 x 10% gions, and includes a Target-Empty
Subtrac .ion factor of 0.933, and a factor “or
giscellanecus correcticns cf 2.60%2,

The error reflects only statistical uncertainties.

> A 2 e ) D M P D P €2 A > W X e - ———a
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I. Fits to Subns_of legendre Eclyncmials

The measured values of +the differential cross-
section at each energy were fit, ip the sense of
pinisum X2, by a sud of Legendre pclyrcpials, using a
short prograe®3 running on the IEBH 360/91 at SLAC,
Fits through P; were done. Tablle 91 shows the R2
values resulting froo the f£it with each order
polynosial, and the reinipus acceptatle order is
indicated. The results are displayed im Table VII and
Pigs. 10. Vvull errcr patrices for the fit with fifth
order are givep in Table VIII.

The lewest necessary order is genaerally
unaebiguous, The lcwest order giving a X2/F less than
1.5 1s the sape as the crder fcr whic* the ccnfidence
level first nears its asyoptotic value, and
coefficients of higher-crder teres, in higher-order
fits, are generally consistent wuith zero. In all
cases, higher coaefficients are within twc standard
deviations of zero, and these errcrs are computed only
froe the statistical uncertalnties invclved. In this
sensa, the questict of which crder tc use is mcect. 1In
oy tables and graphs, I have included the valuves and
yncertainties for tbe high-order coefficients which are
consistent with zerc, in crder tc indicate ap upper
lioit. It is oy opinion that this is vore useful than
sioply giving zero as the value, uitb ro indication of

the uncertainty.



Table Y1, Goodness of the Fits

17

Chi-squared/Degrees of Freedon
(Confidence level)

order 0 1 2 3 L) 5
foaa C.n.
Mosentum Energy
(MeV/c)  (Mev)
B80 1604 2,6C 2.19 1.27%¢ 1.37 1.31 1.20
(+00) (<00) (.22) (17 (o 21) (.28}
930 1632 4,06 3.69 1,77 (G.88** 0,89 0,83
(«0C) (.00) (.04) (.58) (.56) (.61)
$30 1661 4,33 3.88 3,768 2.08 1,06+ 1,02
(«0C) {.00) {.00) .01 (.39) (.42)
1030 1688 3.49 3.43 3.83 1.10** 1,05 1,07
(«0C) ¢(.00) (.00) (.36) (.40} (.38)
1080 1716 7.32 2.44 2,56 0.95%% 0,91 0.89
.00) (.00) (.00) (.50) (.55) (.56)
1130 1743 8.83 5.49 4,10 C.67** 0,59 C.€2
(«00) (.00) (.00) (.81 (.ET) {.BI)

s* pinjmus Acceptatle Ccrder
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Table vIJa. Results of the Fits

- = - - - - - - - - - - - -

Brmex

iy "
= = A, E (cosB) where E, is the
Y
4 2;5‘ ¢ leqendf% paolynomial,
Coefficient
i{Brror)
Coefficients are ie mpb/sr, .
Bean C.HN.

Homentus Enerqy A, A, A, L a, L¥

(eV/cC) {(HaV)

880 1604  152.4 =-22.4 53.6
(5.9) {11.0) (13,8)
154.4 -22.4 50.6 4.1 =28.7 41,5
(6.4) (13.2) (17.7)(22.2) (22.6) (26. 1)

930 1632 123.1 -42.6 63.9 -63,6
(5.9) (11.6) (14.3) (17.9)

124.8 -81,8 62,4 -57.1 -14.2 30.5

(6.1) (12,0) (15,7) (15,8) (20.7) (24.1)

9080 1661 86,9 -41.5 32,5 =6i.1 57.2
(U.4) { 8.3) (11.5) {12.7) (14.6)
86,5 -84, 1 33.% =67.6 G58.4 =21.2
(4.4) [ 8.5) (11.5) (13.4) (18.6) (17.3)

10130 1688 77.3 5.5 =8.4 -8€.S
(5.1) { 9.8) {12.7) 116.4)
77.8 2.8 0.5 -85.€ 15.8 =17.0
(5.3) [ 9.9) (13.5) (17.3) (19. 1) (19.4)

1080 1716  101.8 71.€ -35.4 -71.5
(6,0) {11,5) (14.8) (14.2)
99.6 65.1 ~53.1 -98.5 -37.1 =-21.0
(6.2) {12.4) {17.2) ¢21.9) (22.8) (20.13)

1130 1743 87.3 37.1 -85.2 -79.8
(0.5) ( 646) (10.4) (11.C)

88.1 35.6 -83.7 =-72.0 13.7 =6.4
(UeB)Y [ 7.7) (10.5) (12.6) (14,.5) (15.0)

Values are for r=p -9 10 - all decays.

- o s B D - - - - -




Table V1IE,

Results of the Fits

- o D - P P - o R D .y T - -

dg

dn

Eeas
Bomentus
(ReV/c)
880
930
980
1030

1080

1130

5
= "LZCI P'Z (cos8)
£:c

Coefficient
{Exror)
Coefficlents are dimencsionless.

C.H.

Energy €, ¢ c, C, ¢y

(MaV)

1608 1052
{ a4)

1632 917

{ 4S)
1661 681
{ 3%5)

653
{ 49)

1688

1716 893

{ 56y

838
( 45)

1743

~181
{ 90y

=307
( 88)

=347
( 67)

28
( 83)

S84
(111

338
{ 67)

344
{120)

4se
(11%)

262
{9n

4
{114)

-477
(154)

-797
(100)

é8
1152)

=419
(145)

=-£33
{106)

=721
(146)

-883
(197

-685
1119)

- 169
1158

=108
(152)

460
{115)

133
(16 1)

-332
(204)

131
(138)

vhere B, is the
legendre pclypowial,

<
€3
(178)

224
(177

~1€7
(137

=143
(1€3)

~1€9
(182)

=61
(143)

x10-4

x10~-¢

x10-9

z10-¢

x10-¢

x10-%

Values are for n-p => 1n. nL-Q all decays.




Table VIII.

Error gatrices for the Fits

These values ccrresgend to the fits tc fifth

Takle VIIa.

41,19
28, 24
39,71
48,34
28.57
56. 15

36.78
13.44
31.45
12.87

8.08
36.88

19,43
3.02
11,39
-3.0
16. 20
6.83

28.32
21.37
10. 36
-2,72
24,49
20.62

2€.24
173.67
111.61
130. 46
127.61
120.19

13.44
144,32
38.68
75.22
ug,. ub
49.39

3.02
72.86
-0.28
4%.81
-0.60
36.37

21. 37
97.C5
31.64
56.04
21.79
57.06

Onits are

880

33.71
111.61
312,24
215,81
19C.58
141,54

930

3t.48
3e.68
2u7, 10
110.64
12E.61
65.08

980

11.39
~-0.28
13z.27
14.32
46,98
=9.55

1030

10. 36
31.64
181,89
9¢.39
86,32
21.58

(pkysr)2.
BeV/c
48,34 28,57
130.4€ 127.61
215.81 190,58
498,96 1g€.13
188.13 512,81
26€.70 114.€9
MeV/c
12.87 .08
78.22 49,44
114,88 12E.61
392,33 114,90
114,90 4Z€.56
197.7¢ £9.68
MeV/c
=301 1€. 20
45.81 =0.60
W3z 4€. <8
180.17 10.47
10,47 213,82
77.67 =16.64
MeV/c
~2.72 z4.49
5¢.00 21.79
98, 39 €€.32
299.91 162,96
16z.5€ 364,42
144,00 153,95

crder

56. 15
12C. 19
141.54
26E.70
114.69
6BC. €6

€. BE
49,39
€, 8E
197.76
S9.68
579. 15

€.83
36,37
-6.55
77.67
-16, 64
300.74

20.62
57.06
21,58
1Mu.00
1€2.95
3735.42

in



39,02 56,07
56.07 153.34
26.63 134,54
17.54 108.66
32,26 93,27
29.13 €5.60

22.85 17.25
17,25 5C.16
-15,12 16.62
~7.64 KPR L)
21,01 14,26
17.94 39.54

1080

26.63
134,54
294,88
282,37
190,30

83.70

1130

~15.12
16.62
109.79
64.40
3. 44
-14,09

meVsc

17.54
1€8.86
282.31
481.68
373.97
18€.42

ReV/cC

~T.64
3.5
64.4C
157.58
€3.78
1€.79

32.26
93.27
18€, 30
373.97
516,26
317.38

¢1,01
14.26
3. 44
83,78
209.06
105,25

26,13
85.60
83,7¢
186.42
317,38
411.49

17.94
3%.54
-14,09
18.79
10¢. 25
224.81

81,

- - " " o = Y P R A = S T R -
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Figure 10a 880 MeV/c
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do -
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Figure 10b

930 MeV/c
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Figure 10c 980 MeV/c
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do, -
dn(ﬂ p-~nn) (ub/sr)

Figure 10d 1030 MeV/c
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do

(n'p=nn} (ub/sr)

dQl
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Figure 10e 1080 MeV/c
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Figure 10f 1130 MeV/c
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K. fotal Cross=ssctice

Integrating the dJdifferential creoss-section fros

the above fits gives
o = L—;—‘iéu = 4mA, =4wi*Co
Values are shewn io Table 11X,

Ho separate determipation of the total cross-
gaction, integrating over all angles, wvas done from the
data reported here. The severe gecmetric bias of the
neutcon counters cculd ke Temoved only by soke process
which considered the detailed geometry at each angle.

Separate data were taken at oneé woeentum (1030
MeV¥/c), using the spark chasbers but not the neutren
counters, They have been analyzed Ly Relson?*, xith a
moethod similar to that of Buloe et al.s. The result
given is 415233 ph, which is slightly bigher than the
resul* reported here.

Table IX alsc contains values for the differential
cross~-section at 0° ard 1809, as extrapolated from the

fits.
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Table IX. Calculated Ctcas-Sections
Ecam Ce N Total Cifferential Cross-
Section
Nosentul Energy cross- 0o 18co
Section
(HeV/c) (BaV) (pty {(pb/sr) {(pb/sr)
880 1604 1915 183.5 228.4
{(74) {21.6) (17.0)
930 1632 1546 80.8 293,2
(74) (31.9) 125.6)
980 1661 1092 73.1 280.4
{55) (29.6) (27.4)
1030 1688 971 -8.5 154, 3
(64) {27.5) (19.5)
1080 1716 * 1280 62.6 67,4
{76) {36.0) 112.0)
1130 1743 1098 -40.2 ng,:
(57 (20.6) (10. 4y

Values are for nf =>nNn,

n~> all decays.
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Figure 12a Cross-Section at 0°
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Figure 12b Cross-Section at 180°
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Figure 13a Legendre Coefficients
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Figure 13c Legendre Coefficients
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Figure 13d Legendre Coefficients
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Figure 13e Legendre Coefficients
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IV, TCISCUSSION CP BESULTS

1. Total CrosszSectlon

Pigare 14 shous the tctal cross-section for the
reaction ™= =» 1n. as measorad by this experiment
and otherss-s, Near threshhold, the cross-section
rises linearly with the tarycentric final-state
womantus, indicating an s-wave interaction. 1 wmaximus
of about 2.5 et is reached. The cress-section falls
again, to about 1,2 ek at 1000 MeV/c, then levels off.
At the highest energy wseasured by Fichards et al.®,
beyond the range of this experiment, it drops again, to
about 0.66 1wk, anpd then declines slcwly cut as far as
2400 neVsc, according to Belson's points.
Uncertainties of this Expezilent are ssaller then those
of eithar Bichards et al,* cr Bulcs 2t al,3, and the
points shov sore clearly what wvas indicated by the
others, that there is a minisue at 980 and 103C MeV/c,

followed by a geak at 1080,



almp=nnl (mb]

100

Figure 14a Total Cross-Section
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Figure 14b Total Cross-Section
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2. Differential Crcss=-Sectiop_at Q9 ard_18g09°

The values of the differential cross-section at 0°
and 180° contain less inforsation than raraseters which
describe the hehavicr of the interaction in the entire
angular range, Hewever, they are useful in ccmraring
different expariments, and in coetaring experinent with
theoretical predictions, The differential cross-
sections at 0° and 1809, found by extrarolatico of the
fits ta 1Ieqgendre fclynosials, are shoun in Figqure 15,

together with the results of cthers.
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Figure 15a Cross-Section at 0°
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Figure 15b Cross-Section at 180°
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3, Legendre_Pclynomial Pzpansjop _Coefficjents

Pig. 16 shows the coefficients Cq in the expansion

EAY?: = X7 ;o C, P, (cose)

vhere k is the reciprocal cf the incident womentus
in the barycentric systeas, and E, are Legendre
polynoaials., It shcvs values from other experiments.
Richards et al. gave enough irforsaticn-in their paper
for me to recalculate their fits, whick I have done to
get values for the coefficients beyond the orders they
considered necessary. The solid curves in Fig., 16 are
to aid the eye, and have no theoretical tasis.

Except for a factor of 4w 2, ¢, is the same as
the total cross-section., It {s uore easily seen here
that the difference tetween 1000 Re¥,/c (1670 MeV total
invariant mass) and 1200 HeV/c (1780 Re¥) could be due
gither to a dipr at the lower energy or a peak at the
higher,

The values for C, emghasize a gprotles which was
apgarent in the total-cross-section and in C,: the
results of this experiment at the highest wnmoerentusm,
1130 MeVyc, are not consistant with the results of
other experiments. Wor are they the values one would
expect from an extrapolaticn of the values at the other
five momenta, although this is not sure because of the
uncertainty of extrapclaticn. ¢, is slightly negative
at 880 MeV/c, decreases tc about -0.02 at 930 and 980

mev/c, rises through zero at 1030 MeV/c to (0.D€ at 1080
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MeV/c, and may rise to 0.11 at 1150 and beyoad.

The behavior of C, is more difficult to evaluate,
because of ‘larger uncertainties. It 1is zero below
about 750 MeV/c (1530 4eV), rises tc a paximus of 0,07
at B840 MeV/c (1580 MeV), then falls through zero at
1030 MaeV/c (1690 MeV) to -0,0U0 at 180 mMeVy/c (1715
MeV). The further Ltehavior is uncertain,

C3 is zero until slightly belcx the lcwest energy
of this experiment, then rises quickly tos abcut -0,.06,
vhera it rewains rc¢ughly ceonstant frce 930 Bevysc (1630
“aV) through the highest goint of Fichards et al,

cq is zerc at 930 MeV/c and telcw, rises to a peak
of 0.04 at 680 PReV/c (1660 HMev), and falls again to
zero at 1080 MeV/c (1715 MeV), It seess to remsain near
zero, although Richards detects a value of -0,06 at his
highest energy.

Cs is zero, within the .liIitE of experimental

error.
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Figure 16b Legendre Coefficients
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Figure 16c Legendre CoefFficients
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Figure 16d Legendre CoefFicients

D 10 Y 1 ‘lfl T T ) T l T T ™7 ] T T T T r T _._:1
o do

I 40" x2 ZClPl(cosE)'] )

X Bulos et al, :

0.05 l O Richards et al. —]

_{. + # This Exp't 1

o~ o. __'

Qo0 1 1

I i

-0.05 |— —

- ]

i b

-0.10 _-l I 1 l 1 (1 L1 l 1 L 1 L J 3 I3 1 l 1 ﬂ

8oL 1000 1200 1400

Pheam (MeV/c)

XBL. 752-23%0



11

Figure 16e Legendre CoeffFicients

X Bulos et al.
i O Richards et al. h
3 This Exp't R

99 - 52 L.C,P,c0s8") |
1 1 ‘ ] L 1 1 ‘ 1 [} 1 1 l 1 L 1 1 l 1 -|—‘
800 1000 1200 1400

Pbeam (MeV/c)

LS R R N



112

Figure 16F Legendre Coefficients
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Figure 16g Legendre Coefficients
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B. Intergretaticn

1. Individual Spin-Parity States_jn__ the _Differential
Cross=Section

It is possible to expand the initial and final

states of reacticn {1) as a sum cf eigenstates of the
constants of woticn. In the case of streng
interactions, both anqular wsceentus and fpecity are
conserved, asd it 1= possible tc ejasmipne the effects in
this reacticn of each state with definite angular
momentus and parity. (Whether or not this is wuseful
dapends on how mapy states pust be ccnsidered. As we
have seen, only a limited numter cf Legendre pclynomial
terass are visiltle in: this analysie.)

Ashkin33 shows that if the reacticn is regresented
by the eguation

Y- MY%
where qzis the wavefunction fcr the imitial state,
%?is the wavefunction for the final state,
and M is the transition matrix for the interactiomn,
then yaneral invariance arquments suffice to shaw that
M sust have the fors
M = § +9Fn
vhere @} is the normal to the plane of the interaction,
g is the Pauli spin operator,

and f and g are functions of the incident and final

state moaentus vectcrs.
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The differential cross-secticn is given by
AT = qE12 4 1qi2 5)

Expanding the incoring and outgoing wavefuncticns as

sues of terms, each of definite spain and parity,

requires
£=X§LUHU’*€§]Eum@ {6a)
L9 LI TR (o) t6b)
where —E‘ corresyonds to the amplitudes for J = o tﬁ
and P:(cose) = 51n8§%§§?§%L- is the asscciated

Legendre function,.

Substituting equaticn (€6) into equation (%) gives
an expression in the squares of legendre gclynomials
and associatad functions. Integrating over all angles
gives

T = umk2 ] (ZeN {12 ¢ JIT712 = 4rX2] (345 ITI2 (D)
£

With some algetra ard bookkeeping, the expression for
the differential cre¢ss-section can ke reduced tc a sum
of Legendre fpclynceials, of higher crder. Tripp3e
gives a useful table of coefficients, using the
notation Lp;, so that T} =%, . T = F . Tf = By,
T7 = Dy, etc, In this potation, and assuming complex

conjugation, so that for each terem AE one Bust use

Re (A*R),
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§2 = AU B (cos@)[S,S, ¢ B B+ 2(P,E, + D,D,)
+ (gD ¢ FsE) ]

+ B (cos@)[25, F ¢ U(S E3+E C3) ¢ (4/5) (T D}

¢ (36/5) (E4Co + DyF;) + (168/35) (DsF5) ]

+ P, (cosB)[4{5,L; ¢ E, By} + 6(5,Cs ¢ E, E.)
4 2(By B, * DyLs) ¢ (12/7) (B, By + DyDy)
¢ (24/7) (CsTy ¢ FoBg) )

+ Py (cos8i[61s, Py + B Ds) ¢ {36/5) (P, T3)
+ (24/5) (P3T; ¢ DyFe) ¢ (1€/5) (D;F.) ]

+ Ri(cose)[t7¢/7)(5 f- ¢ L[4L;)
+ (18/7) (DgDg ¢ F F) ]

¢ P, (cosd)[ (1C0/7)D; F2) 3} (8)

I have left out terms containing asplitudes with
spin greater tham S/2, since they msould alsc require
teras in higher crder, which are @not visible in the
experimental data. This equation corresponds in form
to previous fits to the experinental data of the forn

An_ AT G0 (cos &) (9)

Analysis of p1cn ~-pucleon elastic scattering and
charge exchange data has shcwn a numker of heavy karyon
resonances with iscsgin 1,2, which cculd cougle vwith
the eta-neutron channel, The "uwell-established®
resonances in Table X are 1listed in the Feview of
Particle Properties3, which sumearizes the results of
numerous authors3?, pmainly, in this case, from partial-
vave analyses. The existance cf these resonances is of
interest in the following discussion, although only the
N(1535) is knowun to te strcrgly ccupled to the eta-

neutron channel,



Table X. "kell-Fstatlished"™ Fesonances

- it e e T . = = T = =

Nage | Mass (MeV)
N {940) E, 9139

B (147C) |2 1ce te 1470
N {152C) D, 1510 to 1540
N (15135) S 1500 to 1600
N (167C) Ls 1€7C to 1685
N (1688) Fe 1680 to 1690
R (170C0) Sy 1665 to 1765
N (178C) E 1650 to 1860
K{1910) E3 1770 teo 1860

- i o B o e - S D -

One may chcose froe this table according to orne's own
taste, to extlain the limited data in the eta-neutron
channel., The selection is more than enough, because
each state has a mass, a width, and ccupling covstants
to both gN and qun channels, all of which vary with the
detalls of the fit being done, It is a long wvay frcs
equation (8) tc equaticn (9. The £cllowing section
refers to these egquations, and to the coefficients of

equation (9) showp in Flg. 16.
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2. Bump-Hunting in_the Eta_Cata

The C; coefficlent in the legendre polynosial fits
to the differential cross-section shows a peak at about
980 MeV/c (166C MeV), with a size of 0.046 + 0.0%1. It
could be due to a resonance in either the Py cr the D
wave, EBither is possitle, especlally since resonances
bave been found in both waves by phase-shift analysis
of pion-nuclecn interactions, and the tehavior of ¢, is
by itself insufficient to distinquish thea. The
question could be resolved by an analysis of
interference with cther known resonances as seen in
other coefficients, or by a measurement cf polarization
parameters, which are sensitive to the difference in
parity between the F; and the L. waves. Dy and Fy are
not both present, for their interference would groduce
a Cs tora, which is ahsent in the experimental reswvits.
The spin-5/2 terms appear in equation (8) with a
coefficient (1€,7), giving !

ID;12 or |PFs12 = (7,18) (0.046£0.011) = 0,018 ¢ 0.00u
Inserting this value into equation (7) gives

T = 4pK2(3) (41D 12 or (E;12) = (0.84 ¢ C.21) mb
This is the cress-section for mn-p =-> 1n gaing through
the spin-5/2 channel. Calculaticns?® tased om an SU(3)
model predict e ktranching fraction of z% into n for
the Ds(1670), givikg
"am = (273) (0.4 (0.02) (3+7) (4rA2) = 0.26 ab.

(In this calcalaticn, (273} is the fraction of the

initial m-p state which is pure isospin 1/2. The
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factor 0.4 1is the kranching fraction of the
intermediate state to the i{nitialm™-f state?, and 0,02
is the bransching fracticn te q.0) The same
calculations give 2erc for the branching fraction into
nn for the F {1688) resonance., Thus, it seems likely
that the ubserved interacticn is n-p -> D5 (1670) ->;Ln.

There is structure in C,, C,, and C3 in this
ragicn as well, This could te due to interference
terms between the [; {Qr F;) and cther waves which are
present but not resonant at this energy. An S, Dy tere
would affect the €, coefficient, a F Dy term would
affect Cy, ard an S F  terw wculd affect C,.
{similarly, s, f; affects C3; ard P Fg aftects C;, so
this 1is no direct help in cseparating the effects of D,
and F.).

The total cross-section, and more obviously the C.
coefficient, show a sinimom at 1000 MeV/c (1670 MeV),
folloved by a peak at 1200 MeV/c (1780 MeV)., A dip 1in
total cross-secticn cannot ke exglained ty a resaonance
or by interfering resonances, so it is more attractive
to interpret this acs a peak at the higher enerqy. This
could be due to the P  (1780) rescnance which has been

s3en in wH phase-shift analysis,
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