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ABSTRACT

Proton*proton bremsstrahlung (ppf) cross
eectlons have been measured at 42 MeV incident beam energye
usfng a wire chamber spectrometer develop_ed for^the study
of tñree-body fÍnal stätes" PPd events from a 22 cm long
gaseous Èargét vùere detected simultaneously over-9^1arg9-^
Ëlnematfc rãgiono Polar angle ranges_were from ].þo þ6 lalo
and the naxlmum allowed eveñt non-coÞlanarity eould be
detected for all observed proton polär angles' ResolutLons
were typlcally f O,?5o for Èhe proton polar angles and
t 25il ôi ttre maxlnum allowed non-coplanarfty" Ihe ep€c-
tromêter wae ab}e to reJect most random events by testing
for an event vertex tn the long gas target, resultlng in
significantly lower random baekgnound t,han for most pre-
vÍous ppÚ experiments"

the data have been analyued by separating them
into 18 independent polar angle regions. and erLractlng the
dÇ/àl>1dl?2äY6 , dr/anfafI2 and dcld01de2 çlosç sectíons'
Theee rõsulõe ñaúe been cõmpaied to Llouls predlctlons for
t,he Hamada*Johnston potentiàL' The weighted mean ratlo of
ExptÆheorv for the äq /agr agz cross seõtions was
0.96? t tr.6lt. the data tnäicãte that predictions of the
Hamade-John'ston potential-u wlth Coulonb correctfons lncluded,
would be in good- agreement with the neasured cross seetfons'

The data have also been analyzed by lntegrating
over the observed proton polar angle ranges. The dlstri-
buÈlon of events aê a funòtion of the neasured non-eoplanarity
ls ln exeeLlent egreenent wfth predlctlons of the Hanada-
Johneton potentlai. Dlstrlbuttòns of events versus Yy and
the proton polar angle asymrnetry åre also ln good agreement
wlth the theoretlcal predictlons,
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CHAPTER I

INTRODIJCTION

The nucleon-nucleon interaction has long been

an interestingr albeit frustrating problem. Its importance

derives from application in dÍvers areas of nuclear physics"

Nuclear matter and nuclear structure calculations, many-body

theory and particle production processes depend on the

understancìing of both elastic and inelastic nucleon-nucleon

scattering "

At low energiesu a number of phenomenological and

semi-phenomenological potentiaÌ models have been developed

which describe the existing elastic nucleon-nucleon scattering

data with verying degrees of success. The potential models

have taken a wide variety of forrns. They include the hard

core Hamada-Johnston (HJ)I) and Yale2) potentials, the Reid

potentlaf3), the finite-core potential of Bressel and Kerman

(nr¡4), the boundary condition model (BCU) of Feshbach and

Lo"on5), the non-local separable Tabakin potenti"l6), tÌìo-

mentum dependent potentiaf"T) and a number of one-boson

exchange models8), In most of these rnodels there are sets

of free parameters that are adjusted to give the best pos-

sible agreement with phase shifts and coupling parameters

obtained frorn nucleon-nucleon scattering experiments,
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Until recently, all the dat,a available for de*

termj-nation of the potential parameters consisteC .f p-p

and n*p elasLie scattering exÌ)eriments. 0f neeessity then,

on] y information on Lhe elastic (on:energ¡r shel}) nature of
the NiV interaclion has been built into the detailed speci-

ficaf ion of these moCels, In an effort to descril^re the

inelast:'-c or off-energl' sheIl (OES) portions of the inte:r -
action and perheps choose the potentj-al that gives the hest

fit to a11 r:ossible data, interest has been arorrsed in i.n-

elast j_e procesFes " At encrgie-o below the Tf -prodrretion

Llrresho-l-C, Lhe only possible inelastie scattering process

betureen two nr;cl-eons is nuel?on-nueleon bre¡nsstrahlung

(tttlt$¡ . The nuclear pctont,ì aI and t,he itlll$ process are dis-

cussed in a reeent review article by P" Signellg).

All nucl-ear processes except N-ll elastic

scat,tering depend on inelastie portions of the Ii-N inter-
aclion to some'Jegree, hut Nl,lS is by far the simolest" The

eleeLromâ¡;netic interaction is well understood and since it

represents ¿r rn'inor perturbation to a st:rongly interact,ing

syst-em, its effects only need be ca-]-culatod to first order.

In a DIIIBA anal1'sis, this results in a truncation of the mul-

tipl-e-scattering series at the second order terns in the N¡t

scattering amnlitur:ìe" The identit¡r of the nucleons and the
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small contrfbutions of the double seaÈtertng terme make

6,he ppü reactlon the easiest to fnvestÍgate theoretfcally"

Thts is also true experfmentally slnce detection of neutrons

ls more difficult than detection of'protons. Nucleon-

nucloon bremestrahlung is easler to handle theoretically

than even the slmplest tnelastic nucleon-nucleus scatterlng

(e,g" p * d .Þ p + p + n) proceaaes where rescatteríng

effecte are large and the nrany-body probl-em nust be solved "

**s**

Hlstorlcal Revlew

The first attempt to evaluate pp8 cross sectÍons

They showed thatwas made by Ashkin and Marshaklo) ln 1,949,

the pptr cross section was Ldentleally zero for a centraL

potential Ln Born approxlmatlon, Interest in pp$ waned

until L963 when Sobel and Cromer (SC)11) obtained a flnite

val-ue for the cross eecti.on in a DWBA calculation using the

Hamada-Johnston potential. The subsequent experiments ab

Harvard5L'531 , Manitoba5T) end Ucfur60) measured cross sec-

Èions signlflcantly lower than those predlcted. Shortly

thereafteru Duck and Pear.uLZ) pt*"unted theoretícal results

for the Tabakln potential, In both of these calculationsu

the approximatlons used were ldentlcal in nature, the most
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importa.nt being to neglect the contributions of the internal
scattering (re-scattering) terms. This was justified on the

basis of a calculation by sobell3-I¿?). The two independent

calculations did not agree with each other or with the €x-

perimental results, The Duck and Pearce calculations¡ how-

ever, showed a less violent disagreement with the measured

cross sections.

Signell and Markerl5); after a detailed exami-

nation, discovered a number of errors in both formulations

of the theory" This had the effect of bringing the sub-

sequent results of Pearce, GaIe and Duck (eco¡16) into fair
agreement with experirnent. (ffre first predictions of the

non-coplanar dependence also appeared in this paper by

PGD") fne revised SC resu1tslT) were still too highr psr-

ticularly at lower energies. At 48 MeV there was a factor
of 6 disagreement between the two predictions, It appeared

that this discrepancy could not be explained by thá fact
that different potenti-al models had been used,

In 1967 the difference between the two theo-

retical calculations was explained by SigneIIlS). ft had

been shown much earlier by f,ow19 ) th"a " gauge-i.nvariant

theory requires inclusion of both pole and internal radi-
ation eontributions" As it turns out, the difficult in-
ternal scattering terms are very small in the center of

mass of the two protonso fn the laboratory system, this
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ie not bhe case, especlally at Lower energies where the

Ínternal and pole radiatlon terms tend toward complete

eanceLLatlon" PGD had performed their calculatÍons in the

center of mass system before transforming the cross sections

to the laboratory" SC had evaluated the cross sections 1n

the Lab and simply chosen the wrong frame in which to ignore

the difficult rescattering terms"

Slnce that time a number of authors have done

pp8 calculatlone in one form or another" Ny*unzo) and

Felsner2l) have calculated model-lndependent predfctions

which do not agree very well sriÈh the experimental results"
McGufre and Pearce?Z'¿b) have investigated off-she}l effects,
as have Slgnell and Mark ur25) . SignelL and Mark ur26) h"r" also

Lncluded Coulomb effects for the HJ potentialu and Brow¡Z7) hu=

calculated the rescattering terms directly, Baier, KuhnelÈ

and Urbanz8) h"uu presented results for a one-boson exchange

model. The non-coplanar dependence for the HJ and Reid poten-

tlals was predicted by Drechsel and Maxf*on29) Uy evaluatfon

of the ecattering matrlx in the center of mass" Hel}et3o),

tlou3l) and C*o*ur32) have shown how to incrude eomecttons

for the fnternal- scattering terms fn the lab pp$ calcuLationsu

Liou and crro33 ) and Llou and souel-34) hurr" also included the

relatlvistic spin correcLion (nSC) for cross sectÍons eval*

uated in the Lab system as was flrst suggested by McGufrezS).
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ealeul"aÈlone for &he F{J poËentleL by dlfferent authore

rÀ@w egnee wi.Ëhfsi e few pene enË,

lm Èhc s@ven y@ers sinee ehe publÍeatlon of the

flret experlmenbal pp$ nesu3.ts, Èhere have been about twenty

dfffereng experimen'ue* a& Lneident proton energies ranging

from 3 to 20¿* MeV5L-71) " Except for the ffrst Rochester

experfme n|5Å"*56't u all have used the so-caLLed mHarvard

geometnyrr where onïy the two fneLastie protons are deteeÈed

and bhe en@rgy and directfon of the gamma rây are ínferred

from ff¡@asuremesrbe sf the probon energles and direeti.ons"

In moet experlnrenÊe t,he poJ-ar angïes of the detected protons

were equaJ- and Èhe detector heights were eomparable to the

maxåmum non-eCIplanari.&y of the pnotonsu &he latter eonditlon

belng neeesa&ry to obtaln reasonable event rabes.

In al"} Flarvand geometny experfments it has been

eÈenderd proeedure to extraet t}¡e copLanar ds/Açftd.C} e cross

sectÍon, end fm some easee the everage polar angle dfetri.bu*

&fon of €he phoÈom ae welL" Three me&surements of Èhe ë,

dependenee of the eross seetåons have been made - aË LJfgsy53),

6l+.t+ M@vó9) and eQ m*v63). Expenlments wfth good aø1mut,ha}

neeoÏutfom (whåeh have neglÍ.glble errer due &o uneertafnty

' Prelånrinany m@&suremenbs of pp$ eross eections using our
wire ebramber spect,nometer have been publiehed (Ref " 70) ,
They ere raot dÍseuesed here as these resul.t,s wlLl be in-
cluded in Lhis &hesfs"
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in thu @" dj-st:r'ibirtion) have been done at t57 7isy5? ) ,

99 ¡"v66), (tL,4 ru:ov69), 6T"T lre\r61) and b6 vov62) u..rt

onl-y the 99 PieV j\'IcGill anC 157 l,ieV llarvard results have

good enoir.Bh .'tatistics to Ìre really usefirl.

The photon pola.r angle distribu.tions that heve

been extracted suffer fronn a nunbe. of diffieulties. Finite

energy and angular resolr-rtions compoirnd into re l-¡t,i-'.'eIy

'l:r"ge r-ineertainties in the photon direet'ion e.nd nosr- r€-

srrl-Ls 're i nte;rated olrer the fn-l-l non-eop.l-rnar r^ange,

Th^ r'esrrlts aJ-so srrffer frorn poor stat,isLica'l- accr'.:Íìe1'and

therefore are dì-ff'-eril-t to eornpare to theorel,ical predie-

t,i.ons. /\t present only Lhe IicGilI and Han¡ard distributions

c¡n be consiclerecl sufficiently precise to warrant clet¿riled

conn.nari son to theoretical predictions"

The pp8 experirnent 54-56) perforned by the

Roehester I group usecl spark chan'hers to deterrnine proton

direet;ions and also cletected the garnnp rt\r ât symmetrÍc

angl-es in the l-ab systen, In this experiment â. polarized

proton he".rn r.¡as used, Distributj-on: of the tln¡o-nr.ìe1eon

eenLer of mass scetterj.ng angles, the $-rav €têrg¡r spectra

en,l the 8-ray and p-p asyrmetries drte to the initiall¡r
polnrÍ.zed bean were ne¡sured" In sôma respeet.s, the eqr,rip*

ment trsed in t,he Rochester experiment is most sÍrnilar to

Lhat deseribnd i-n this thesis.
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The results of aII NNf experiments to date are

summarized in the excellent review article by M, L, HalbertTz),

The range of measurements is novr fairly extensive. The energy

dependence of the measured coplanar cross sections is in

moderately good agreement with theoryu although there are

some apparenb differences. In the energy range from 30 to

65 ¡leV there are a.Iso some discrepancies between the various

experimental results" The theoretical predictions are in

better agreement v{'ith the oak Ridge d"t"61 162167 169) , The

reLativeì-y preclse data at 99 muV66) h"rr" mixed agreement

with theory. ïn particularu the llo point differs by 3

standard deviations from the theoretical predictÍons. The

shapes of the photon angular distributionsu åt all energies

where bhey have been measurede agree qualitatively with

theoretÍcal predicti-ons, Most of the experimental results

are limited by statistics in the number of detected ppf

events becau.se of the very low event rates (typically

1 @ 2 per hour) and only small ranges of the avaiLable phase

space have been observed,

k¡lc***

$üo comprehensiveu quantÍtative theoretical
predÍctions on, the effects of different potential models

have been made, but, the limited number and tyoe of ppf cross
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section caÌculations that have been attennptedlo*38) i-rr-

dicate t,hat the difference between potentía1 models is not

very large " It novr appears that to select between the

various potential modelsp pp$ measurements must either be

very precise or correspond to condltlons that are further

off the energy shell than most experiments to date (iîe,
higher incident energies and,/or smaller polar angles),

However, it has yet to be shown that the theoretlcal pre^

dictions agree with precise experlmental results even Ín

a relatively model-independent region. The agreement be-

tween the theoretical predictions and existing experirnental

resuÌts is only moderabely good in splte of the large

experimental uncertai-nties,

The concept of the experiment described here

evolved in L966 after R. lfarner had cornpleted his first pp$

experlment57) at the University of Manitoba" This was

during the perj-od of large disagreement between experiment

and theory and between different theorists, Idhile such a

situation could hardly be exþected to continue to the

present (and indeed has not), it was hoped that a suffi-
ciently precise experiment might be able to distinguish

between potential models" A need for accurate experiments

wlth which to test theoretical predictlons certainly existed"

The present experiment makes use of a wire chamber spec*



10

trometer designed for the observation of reactions with

three-body final states39*5O) , The trajectories of the

two final- staÈe protons are detected in wire chambers and

the proton energies are measured in large area scintillation
Counters" Data is processed on an event by event basis oî-

line to a two-computer system which forms an integral part

of the spectrometeru

This work represents a maior departure from the

methods of previous experiments which have been characterized

by smatl solid angles, low event rates and measurements over

small phase space ranges, In the experiment described in this

thesis, pp6 events have been detected over a large kinematic

range, At the same time, angular and energy resolutlons com-

parable to or better than previous experiments have been re-

tained. The large solid angles and long gaseolts target result

in overall event rates that are as rnuch as a factor of I0O

greater than in previous experiments, and regions of phase

space that are relatively far off the energy*shell are ob*

served. The ability of the spectrometer to reject random

events because they lack an event vertex has resulted in

reduced random backgrounds,

The data collected have good statistics and

relatlvely accurate overall normalization" The large

volurne of phase space observed makes it possible to test
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theoretlcal predictlons in ways that have not been attempted

before" This can be done by grouptng alL the data together

and lookfng at cross sectlons and dfstributions of speclfÍc

fnteresting variables. Alternatively, lt is posslble to

seperate the data and analyze them ln a convenbional manner

over an extended range with generelly better statistics
than previously avaÍlable.



CHAPTER ÏÏ

LXTERII{E]\ITAL METHOD

II .I PREL]]V1]NARY DTSCUSSI-ON

Proton*proton bremssbrahlung measurements have

proved to be very difficuLt because the measured cross sêc*

tions are small while the competing natural processesr.as

well as those inbroduced by the experimental apparatus,

create a sea of background, The customary procedure has

been to detect the final state protons ln coincidence using

sclntillation detectors* placed at rsyrnmetric polar angles

(typically ^-30o) on opposite sides of the beam, Small

solid angles have been used to define the polar angles of

each particle with reasonable accuracyo Generally, azi*

muthal ranges jusb large enough to perrniË observation of

evenbs having the maximum kinematj-cal-ly allowed non-

coplanarity were used

In the measuremenL of pp$ cross sectionso back-

ground problems are unusually severe, Random coincidences

are the worst source of background and have limited data

rates in previous experi-mentsn Prompt backgrounds have

r&' Several experi-ments at lncident
used sotid state detectors (Ref"

energies
63-65,

below 30 þieV have
68),
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resulted from impurities in the target, gas; reactions in
beam and solid angle defining slits, walls of the target

container and from p*p elastic events multiple-scattered

into the detectors, The magnitude of the difficulties (and

the patience required to perform ppü'experj-ments) becomes

apparent if an estlmate of the various counting rates is
made,

II,1,I PPf Event Rates in Previous Experinents

The event rates calculated below are based

the experimental arrangement used by R. ülarner in the

ppð measurenent made at the University of }lanit s6¿57) ,

on

first
All

symbols used are defined in Appendix A.

In the experiment six flnal state parameters

u¡ere measured - the energy, polar angle and azi.muthal angle

of each proton" A gas barget 3 cm long was used and the

solid angle of each detector was 0,0063 sr (t 1"8o in the

polar angle and t 5.8o in the azlmuthal angle at a polar

angle of 30o).

*2 yb/"r?' At

obtained

The pp8 cross section measured was

I na the foLlo¡¡ing ppf event rate is

Nppf ããfu zAorolÂrì'LÁúa'

= o "28/hr

fI*1
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The p-p eleståe cr@ss eeebíon a& i+8

yfe3.dlng a pro&on sång1es even& rate

NeX æ ggl zAoÏot@t A.n
d.ÉÀJ ^r

Mev *s 3e nø/sr7b)

ln each detector of

ÍI-2

7 "28 x tol /nr
Tn these two eqraa&fons t * te*. Thue æJ x LO6 p-p elastic
events oecurred for every pp$ event, In Èhe experimenË the

beam lnLenstty þras lfmited to & na because of random events,

and &he pp$ evenü rate was about f,/Hr" Thls is typleal of
almost all ppd experfments performed to date, GeometricaL

factors of orden trntÈy have been neglecbed in theee order

of magnftude calcul-aËfonsu

TT. "L.? Egs,&.gqe3!nd_ Problems

The nandom eolncidenee raües are determined by

the sá.ngLe par&lel@ fluxee Ln the eounûere end coincldence

neeolvlng &åme,

R '* Zãntrn¡ II.3

The cofnctdenee reeolvlr¡g &1me used in ûhe Warner experimenÈ

was 35 nei The random raËe then becomes R * L65/hr at 4 na

or about 160 gÍmes that for pp$ @ven&s, ALJ. random coinei-

dencee betwee¡r elastically scaËtered pro&ons cane in pnfn-

cfpleu be dÍ.s&ånguiehed from pp$ *vun&s on the basis of the
s Determined by bkre

Reeolutfon bi,mcs
no& ettalnabl"e,

beam bursts,
(*1 ns) were

separa&ton bebween cyc}otron
emaLler thån t'he pulse wÍdt'h
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proton en@rgies, Howeveru nob aLl Èhe protons are detected

þrtth pulse helghts corresponding to their lncident en@rgyø

Some of them undergo nuclear reactlons while stopping and

have abnorrnally smaLl pulse heights" Coincidences between

two such protons yield random baekground in the ppt' region'

Presence of slÍts near the beam can also resuLt in slgnif-
lcant numbers of low energy protons entering the detectors"

It would not be surprf.sing to ffnd that the total low energy

proton flux due Èo slft-scatteringe was LOf" ot more of the

p-p elastlc singles flux - depending on the materlal fron

which Ëhe sllts vtere made and holu close they were to the

beam" Some earJ-y experiments were probably very serÍously

IÍr¿lted by random colncfdences from thls extra souree of Low

energy protons" A true to random ratfo of 2 : L was observed

ln the Warner eNperinent and 10 * L5l4 of the pr,ctons detected

had puJ.se helghts Ln the sein&iLlstLon eo¡¡nt,ers corr@spondlng

to ühe pp8 energy rangeô

In order to lncrease the pp$ data rate 1t 1s

not sufffcfent to raise the beam intensity or inerease the

&arget size" Rejectlor¡ of protons whlch cause random cofn*

cfdences must be correspondingly improved lf the &rue to

rando¡n ratfo ls not to become int,olerably small. A nurnber

of teehniques have been used to reduce random backgrounds
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in the ppK region. Elastic proions have been rejected 1n

mosb of the experiments by using dE/dx counterstt. This

also prevents neutron*proton coincidences from contributing

to the background (neutrons cên come from the beam dump for

example), conjugate veto counters63'66) , time of

flight 5L-53 166,68) e veto of long range protons 5L*53,7L) and

Itliver slit edge"69) have also been used to reduce random

background. Only the latter technique can be used to reduce

coincidences between actual low energy protons"

IUost types of orompt background have been re-

duced by careful design of the experimental arrangement,

Alt ppd'experiments make use of the fact that the ooening

angle between the two protons is .t ÇOo to eliminate most

prompt p-p elastic events, Events in luhlch both elastic
protons are multiple-scattered lnto the detectors are ellm-

inated by judicious placement of baffles, and foils are not

placed where they can be seen by the detectors, Deuterium

ls a naturaÌ conüaminant of H2 gas (* 150 ppm), but the

D(pr2p)n reaction is not a very serious problem" Its low

Q*value effectively removes it from the kiner¡atic regions

alLowed for ppff excepË for polar angles near to5o. Other

o R"f , iL-53u 61u 6zu 660 67, 69, 7L"
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contaminants in the target which are a problem (i"e " HZOe

OZo COZ or N2) e can be reduced by using high ourity.hydrogen'

The impurity levels must be kept quite low since (pr2p) re*

actions may have cross sections as much as 103 times larger

than pp$" Cross sections for the reactions 016(pràp)l¡r¡

and Nr4(pr2p)cr3 have been measured near 45 ¡,ietr78-80) and

are * 100 Fb/sr?" Thus impuritles of a few hundred parts

per mlllion can prove to be significant. Background from

(pr2p) and other reactions on contaminants can easily be

IOJï or more,
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DESCRIPTION OF THE PRESENT EXPERI]',{ENT

II "2,I Experimenta.l Appaqatus

A two-arm wire charnber spectrometerLT), o"signed

for observation of reactions with three-body final states,

was used in the experiment (See Fig" 2 in Sec, IIf,1,2),
The trajectories and energj-es of the two final state protons

were determined in a pair of hodoscopes, each consisting of

two wire chambers with magnetic core read*out and a large

area scintillation counter. For each event the proton tra*

Jectories hrere projected back to the beam plane in a long

gaseous H, target and tested for an event vertex" fnitial
data read-in and reduction, track reconstruction and vertex

determination were performed by a PDP-I5 conputer. lüire

chamber coordinates and energy information for rlgood vertexr?

events were sent via a high speed data-link to a 360/65

computer s Têcorded on magnetÍc tape, and a more complete

kinematic and statistical analysis perforrned"

Use of two computers allowed the reliability
of the system to be continuously monitored and on-line

feedback from the 360/65 enabled an assessment of the

quality of fu1ly analyzed clata to be made as it was col-

Iected" As a result, saving of all unprocessed data was

not necessary and the volume of information that had to be
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recorded was reduced by a factor of almost LOO durlng the

on-Iine analysie" Howevern the voh¡me of data handled was

much larger than for conventíonal experimenbe and nade

analysls cumbersome" The chances that there are significant

uncorrected sys&ematics are probably reduced,

TL"2"2 PPÚ Cross Section Nornallqatlon

In the experimenÈ, the problem of cross section

normalization was not a trlvial one. The spark detectLon

efficiency of the w'lre chanbere 1s a functlon of their op-

erating condlti.one and the particLe fluxes (i"eo beem in-
tensity) passing through them, Drifts 1n efficlency rnight

be as large as 5 t,o 10Ø durlng the course of a rlltl. The

dead-ttne of the sysüem is very J-arge because of the tlme

(* ?O msec) required to process each event. AgaÍn this
dead-tlme correctlon is dependent on bean lntensity and

v€ry uncertain, To ellnfnate these prob}ensu the experf-

mental geometry was deslgned to observe a emalL fractfon

of the p-p elastic events occurrÍng at polar angles of

4b"7o j l"oo on each side of the beam. The p-p elastf.c

events detected were used to calculate the bean cherge

that had passed through the ecatterlng chamber, correeted

for wfre chamber detectlon inefffcfenclee and dead-Èime'

Equatlons fI-L and TI.2 are used to eltmlnsËe the beam charge,

If the photon angular varLableu Vf, ls not lntegrated overu
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FÞp6 cross seetåons c&n&he measured

dd

be v¿nlt&en

Aç) TT-4
dJ-}ldrå nd WS A.f}¡afåp aW6

An addftfonaL factor C6 is added to fnclude the effects of

geometriesl end klnemati.c biases fntroduced by the spec-

tnometer" The quantlÈy dA/d.ft)eI he" been measured 1n an

auxllfary experimenÈ (See Chapter V) 
"

I.I.2,3 Qcqpgr:Lq_on to Pqegþ]Ls ExPeriments

The uee of wire ehambers in thls experiment

made large eolld angles avallable while retalnfng good geo-

metrlc and angulan ¡esolutlonu In addftlon, the length of

gae target, was fnereased by a factor of 5 t'o l0 over other

experÍment,so l{ormally this røould have nesuLted 1n an lncrease

fn randoms relatíve to ppf, Howevene use of wire chambers

allowed & large fraetlon of random evente to be reJected

because the protone Lacked e sufflclently &ccurate event

vertexu Thie mvertex erl&eråonn for rejectlon of random

events resuLted fn signífleant improvement in the prompt 8o

random ra&1o and was effective for both low energy protons

and p-p elastfc pro&ons vrlth degraded pulse heights" Overall,

data ratee w@re ae mueh as a factor of 100 greåter than pre-

vloue experlmenËs, and pp$ @v@nt rabes of 100.,,/hour were

rouÈlnely achåeved,

= C- dg.) . Npod " tel o* mi@l wtr T



-2.L

Unllke any other expertrmenb to date, the

llmitlng factor 1n the data*taklng nates was not, determined

by the number of random events" In our case, the front

wÍre chambers could not operate properly when charged par-

ttcle fluxes through them became great,er than '-'yç5/sec

and the computer analysls tine llmlted the trlgger rate

to -<IOO,/sec, These considerations llmited the maxlmum

beam intensity to about 5 naô

The fundamentaL differences between ËhÍs ex*

perlnent and all othere uslng the Harvard geometry manl*

fest thenselves ln the requtred data analysis proeedurêso

A compløtely new set of problems and syetematic errors had

to be handLed properly, The open geometry and long gaseous

target presented problems ln the calculatÍon of solid angleso

effectlve target J-engths and geometrical correctlo$sa Uneer-

Èalntles in wire ehamber efficleneyu beam eharge measurement

and correctÍon for the J-arge Bystem dead*tíme during compufer

analysis necessítated development of a eompletel-y dffferent

method for cross eeetÍon normalfzatlon" Exbrac&fon of the

ppf events, which amount to - O"5lo of aLl data recorded,

requlred careful procedures that are not necessary when most

background is reJected by the experimental hardware"
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The e -¡lrations relatirr,q cross section-c, cìetee-

t:Lon effir:icncicl ¡nd thc nun'ber of observed events aT'e

cìevelopeC here f'or use in the generel anal-ysj s of +'he ex-

perirnent., The reader is referred to Appendix A for defi-

nitions of all sJ'ribols r:'.sed ø

The observed cross sections must be corrected

for the detection efficiency é of the spectrometer" The

energy losses in the hodo-scopes result in a. finite energ)¡

cut-off ancì therefore not all- of the Vg" distributions

can be seen in sone ceses" fn addition, the finite size

of the wire chambers and vertical distribution of the beam

resrrlt in a dependence of detecti-on efficlency on the polar

and azimuthal angles and on the vertex origÍ-n.

Tlie nurirber of pof events detected by the sDec-

trometer in infinitesimal solid angles (dt{oog') is first
considered 

"

utuooE d ø" zQAoIodÍlldl.lndVn i.r1(E¡rE¡) xffi;Ws-

Uo(Zri,., rZ^^*) F (Y)dYctz II-5
zo*L Y_o*
rPJ,J
Zo Ynin

{r See Apoendix B for a deflnition of \'6 .
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lfhere

ur=

uo

F(Y) represents beam profile such that

II-6

r.T-7

II-8

the

Ytm

r
J
Yt

The l-imits Z"r' and Zro"* are deterrnined by the wire chambers

or baffles along the beam

the finite energy cut-offs
integrations over I and Z

direction. U1 gives the effect of

in the snectrometer. T{hen the

are performed

2Q4orodf?Ldnndgþ ur 6z TI-9

averaged over the vertical
values of fã, and l?p

dNpps

where 6Z is the value of Zr"o-Zmin

beam distribution. Depending on the

this may or may not be zeroo

Assuming that the cross section varies slowly,

{-'
Ii

{.

El S EL*in or E¡ 6 ER*in

otherwise

Zmin ( Yuú?f, rú^¿R ) S Z ç Zmax (Y,ú?L o.l?R )

otherwlse

vertical

ax

F (Y )dY

in

dq
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then for finite, but small solid angles

NppF : ¡;;¡ffiF% zQAoro&Å?LaràR t i uto wY I (62 ¡

$ur.iV6 
:€raVr and (62) : €oL, rhen

dfãõ;pw

II-10

Letting

IJqÁ:ppô 2QAoro L êo €lAf}lann AVr TI-11

The detecbion efficiency na)r be considered as

the product of two in.Jependent terms - one due only to geo-

metrical effects (€o) and another (€f ) dependent on the

kinematic parameters of the particular event. The Quantitlz

€o 1s essentially the probability of the particle trajec-

torles being detected in the wire chanbers, r,uhil-e €f is
to a first aporoximation, the probability of the event

having the correct energies to câuse a wire chamber trigger.

The latter also contains the effects of angul-ar and cnergy

resolutionso The magnitu.de of the correction €f is most

significant when some of the events for a given caj-r of rrolar
angles lie bel-ow the specLrometer energy thresholds. Cor-

rections for €I depend on the pp$ cross sections thernselves

¿rnd for our Ðurposes nust be eva.l-uated using theoretical- )re-
dictions" 0n the other hand, the correction for €o can be

calculated to any required Cegree of precision from geomet-

rical consideraLions only" In practice both €f and €o ar.e
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evaluated using iltonte carlo techniques because of the great

difficu.lty in obtaining anaIJ¡tic solutions, This is dis*
cussed in detail in Chapter IV,

In pp8, it is the event non-coplanarity that
has physical- significance and not the azimutha.l angles

themselves. Therefore, instead of the variables *, anA

#¡1 *" use *¡ ancì Å{ and express all quantities as func-

tions of the relative nol-coplanarity é" : [å+/ASrå, Re-

arranging equation II*11, the cross section is obtained,

ÞrVf ) IT-I2
Ao oL nn aVr

The non-coplanarity distribution is obtained by integration

(e

2'îY

$
0

Nooüd w8

,44îã.if*
TT-I ?

IT-14

obtained by further inte-
angle and the non-

Tr I 2'rr

JJ $
00 0

Noogo Þ,dõrd 95.
eoef A&, Á@r AWS

fn performfng w*rat ehall be referred to as a

dç

over \'f from O to 2W-

df=
@Ztr 2QA,:r roL AdãL ÅeR

The integra.ted cross sectÍon is
gration over the l-eft azimuthal

coplanarity 
"

ds:
dg, d8R

ÁS*
QAoïoL

A$ = Sn- ôr.* rr, The maximum value oenatics for ppg events Ls ealled Á@m.
of A+ allowed by kfn-
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ttglobaltr analysis, we make use of pp$ tuonte Carlo events

generated to conform to the predictions of the Hamada-

Johnston potential-" Â11 undesired variables are inte*
grated over and distributions and cross sections of certa.ln

specific interesting variables observed" No efflcÍency

corrections are required when eomparing the generated and

measured distributions because all experimental ineffi-
cj-encies and biases are contained in the generated events

by demanding they be detected in bobh hodoscopes and have

the proper energies" This also is discussed 1n detail in
Chapter IV,



CHAPTER ITT

EXPERIPIENTAL DETAILS

III "1

IIT,1.I

EXPERIMENTAL APPARATUS

Beam Transpqrt_rgystem

A variable energy (Zl - l+5 IlIeV) proton beam is
obtained from the Universitlr of Manitoba sector-focused

cyclotron" The beam transport system has been carefully
designed to elimj-nate aLl beam-defining slits from inside

the experimental area" This reduces the neutron and gamma

background in the experimental environs" A diagram of the

system is shown in Fig" I, A horizontal waist in the beam

is produced at the first beam-defining slits S1, using

quadrupoles Ql and Q2, These also produce a vertical
waist inside quadrupole Q4" Using quadrupole Ql+ and the

swltchlng magnet (SW¡ a horizontal focus is produced at

bhe second pair of slits SZu which define the beam energy@

a3 is not used in this application, Normally each paÍr of

slfts is ? nm wide and 12"5 mm high, Quadrupoles a5 and Q6

are used to produce a beam profile 40 mn high and 2 mm wide

insiCe the scattering chamber" Steering magnet S,l3 is used

to keep the beam direction parallel to the symmetry plane

of the scattering charnber while St{4 is controlled dynam*

ically by a beam positioning device to orevent lateral beam
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drifts4S). The proton beam is dumped into a heavily

shielded Faraday cup situated 3 metres downstream from

the scattering chamber" The relevant beam oroperties are

given in I'able L.

III"l,2 Scattering Chamber and Hodoseooes

A diagram of the hodoscopes and the scattering

chamber is shown in Fig" 2, A summary of the important

dimensions and oroperties of the scattering chamber and

hodoscopes is contained in Table 2" A more detailed cle-

scription of the spectrometer is found in J, McKeownrs Ph.D.

thesis&7). In each hodoscope there are two wire chambers,

Each wj-re chamber consists of three wire planes" The two

outside planes have wires oriented in horizontal and verti-
cal directions and are pulsed to a negative high voltage,

The third central nlane has wlres oriented along a l+5o

diagonal and serves as a common ground electrode " Use of
three planes allows double tracks in each chamber to be

resclved ¿rnd provides some redundancy for the detection of

single t,racks" Each wire chamber has very thin entrance

and exit windows of X{y1ar foil and is filled with a Ne-He

gas mixtureo The two chambers in each hodoseope are sep-

arated by He gas to reduce multiple-scattering and energy

losses of the detected particles" The front chamber is
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Table I

Beam Characteristics in Scattering Chamber

(Double Focus at Center of Scattering Chamber)

Energy 2L 45 MeV

Energy resolution * eOO keV HIITIHM

Intensitles used 0'01 10 na

jvlultiple scattering in
entrance foils and * O'25o (r,m.s" projected angle)
air gap at l+2 MeV

Energy loss in entrance 20O keV
foils and air gap at 42 MeV

Ilorizontal waist å 1.O mm (HIùTllt[)

Horizontal diverg"r,.u* * O,Jo maximum (t O,to avg)

Vertical walst t Z mm (Hvnil'I)

VerLical divergence+ t 0.1!o maximum

Typical bear¡ profile
uê'ea for pp$ àata

Typical pp$ beam
intensit ies

40 mm high by 2 rnm wide

r"0 *3 na

tt Excludes effects of multiple scattering in the Havar
foils and air gapsø
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isolated from the scattering chamber by a partition filled
with propane gâso This prevents contamination of the tarp¡et

gas by He and keeps the target gas out of the wire ehambers"

Large area scintil-Iation counters4g) are placed behind the

rear wire chembers and are used to deternine oarticle enerÂies,

Each eounter is made from â rectangular niece cf olastic
scintillator'l' and viewed by two fPlO4O phototubes, through

lucite light pipes at the top and bottom edges,

The scattering chamber is isolated from the

vacuurn in the cyclotron and Faraclay cup beam lines by 2 cn

air gaps" Havar foil is used on the beam entrance and exit

r;orts beeause it nrovides the least multiple-scatterlng for

the thickness needed to sustain a one-atmcsohere Dressure

differential" The scattering chamber is nornally filled with

commercial grade H2 gas at atrnospheric pressuree

The scattering chamber ean be used with or

without the gas celI sholn in Fig" 3, The gas cell has been

used with He, NZ, DZu ultra-high purity ( -< 5 pprn irnpurity) He

and comrnercial grade HZ gases for data-taking and various

calibration nurposes" The cell contaj-ns two moveable target

holclers and a noveable screen that is used to observe the

''' NEIIO plastic scintillator was used for one detector, and
liEIO2 scintillator fo:: the other.
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SCALE

ö s tocM

(o ) GAs CELL

BEAM

ñ

RIGHT LEFT

(b) REAR CHAMBERS AND BAFFLES

Figuro 3

(a ) Dj.agre'n of the gas ce11 usecl in the erlerinnent, The
beam pp sses frorn r-eft to rii:ht. T\,vo solid targets
and a ZnS screen can be rnoved in and orrt of the bearn
as desi-red, 

^ 
Ta target was sometines used in place

of th e CD2 target for calibrat, j nn pr.lrpo'sôs. The lrcan
ant,er:i thâ. ßal eel.l lrrn'lecliâte1)'"'fter entering tlre
frCÍ,t, .l .lrl.t{l ell¡tn}¡er,

(t,') nì.rìgra¡n of Llre bafftes pklecd helrlnd the r43r wire
ehambers to l-i.r'li-t detecLion of p-p elast'ie er.¡entso
The shaded area on the LEFT side shorvs the nsrtal
¿ict¡l.hrrtion of 45o p-p ela.stic events that pass
through the sr"ral-Ì diágònal slit on the FIGHT.
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beam proflle " The Mylar wal-Ls of the gas eel-l have the

auxlllary purpose of preventlng 6-rayse ereated by the

proton beam, from enËering the front wire chambers" This

ls discussed in detaiL ln Ref . l+7,

The baffles B1 in Fig, 2 do not limit the beam

and are used only to prevent protons scattered at the €rt-

trance port from enterLng the front wire chambers, These

baffles also provfde mechanj.cal support for the gas cell,
The downstream baffLes 82 are speclall-y designed to allov¡

detection of p-p elastic events with l+t+"?o angles from a

wel}-deflned reglon of the gas target" The collfmatore

behind the rear chambers (See Fig,3(b)) are used to reduce

the p-p elastÍc coincidence rates to desÍred levels, ff
one proton from a p-p elastic event orfgtnatlng between the

baffles 82 passes lnto the open slit behind the right chamberu

&hen the conJugate proËon wllL be detected in the Left hodo-

scope, If a p-p elastic proton enters the maJor open area

behind the rfght chamber (0R.<l+Oo),, then lts conjugate

pertlcle cannot be detected,

A palr of detectors whleh monltor the fntensity
of the proton beam tails and controL the positfon of the

beam cuntroid48) are sl,tuated between baffles 82 a llttle
furt,her downstream from the p-p elasËtc reglon,
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IfI.l.3 Fast Electronics

A schematic of the electronics used in the

experirnent is shown in Fig, 4" The modules required to

trigger the chambers are kept in the exoerimental area a

few feet from the spectrometer to reduce the time delay be-

tween event occurrence and the triggering of the wire

chambers, Most of the electronics for the slow pulse heieht

digitlzation is kent in the cyclotron control rcom.

Information on the oarticle energies required to

trigger Lhe wire charinbers is provided by the anode pulses of

the phototubes, The Lwo pulses for each counter are added in

fast, linear mixers (MIXBR) and fed into differential discrim-

lnators (DIFF DISC) set to accept protons with deteeted

energies in the range

7 MeV s4 E -( 26 MeV

Logic outputs from the differential discriminators are used

as inputs to prompt and random coincidence unit-" (COINC Cp

and CR)" The right inrrut into Cn is delayed by the time

separation between cyclotron beam burstsJ The 35 ns delay

after C, mlnimizes the effects of timing differences in the

wlre chamber triggers on the relative detection efficiency

for prompt and random event,s. Outputs from the eoincidence

circuits are used bo trigger the wire chambers, disable the

elecLronics, initiate the data read-in from the wire chamber

* See footnotes on pages 61 anct 63,
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memory to the computer, and assist in the slow pulse height

anal-ysis i-n the control room" Outputs for the CR coincidence

unit are a.lso used to label random events (RANFLG) .

Analogue information for the accurP^te energy

deüerminatj-on is obtained from dynode 10 of each phototubel

The pulses from each detector are nixed and sent via 80

metres long doubl-e-shlelded cable to the control room where

they are amplified and stretched, The analogrte energy infor-
mation is isolated from the noise generated during the sperk-

ing of the wire chambers, usÍng a gate (C¡.fg GEN.2) started

by the pulse that triggers the wire chambers, Outrruts from

the stretchers are digitized by Northern Scientific ADCts

and read in by the PDP-15 computer"

fII,l"4 Conputer Hardware

The two-computer system as used on-line to the

wire chamber spectrometer4lrl+5) is shown in Fig" 5" A

PDP-I 5/2O manufactured by the Digital Equinment Corpora.tion

(DEC) with some additional peripherel equipment is dedicatecl

to the experi-ment" The PDP-15 is an 18 bit computer with

O.8 ¡rsec, cycle Lime" The model 20 has the follovring coll*

fiÉluraLion: 8K words of core memory, n""rry.duty KSR-35

corrsole Teletype ¡ 300 cps paper tape reader o 50 cps paper

tape puneh, extended arithmetic element (Bnn) and dual small

Dynode lr was used 1n the letter stages of the experiment"
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magnetic tape transports and controllerse The additional

peripheral equipment used by the PDP-IJ are a high speed

data link to an IBM 360/65 computer, real time (60 cycle)

clocke automatic priority interrupt (API), X-Y oscillo-
scope display and control with light' pêt¡ interface to a

pair of analog to digltal converters and an incremental

plotter. Two sets of equioment used with the wire chamber

spectrometer, which have been built at the Cyclotron labo-

ratorgare a wire chamber (j."e, ferrite core read-out)

interfa.*50) and three t0 MHz scalers and power supply

control for the beam positioning device48) "

The second computer is an IBl4 System 360 i[odel

65 used as a general purpose batch processing facility"
Features and peripherals that are of interest to the wire

chamber sr¡ectrometer include 114 bytes of memory, 9-track

and 7-track magnetic tape drives, line prÍnters, card

reader, 23LI and 23Ll+ random access disc units and a

selector sub-channel attached to the data link. On-IÍne

programs generall]' use about 80K 9OK bytes of 360/65

memorya
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rlr.2 SPE0qROMETER PROPERTIES

III,2"1 Gcomeerleal.él.1gnme¡:L

Tho seaÈgerlng chamber end wire chambere rest on

a L22 em square Â1 plate 2,5 cm thick, The center line and

llnes making angles of l+b,7o * o"1o wlth lte have been scored

on the plate to eerve as refer@ncea, The synnetry plane of
bhe scatterÍng chamber coineldes with the center line of the

support plate within t 0.2 mn and the eeattering chamber has

been rigtdly abËached to the plate" Standard optieal süF-

veylng lnstruments have been used to posiÈion the symmetry

plane of the scattering ehamber parallel to the deslred beam

paüh to ar¡ accurecy'better than å O"O5o, The reproduclblLlty

of postrÈfoning the &ransit over the permanent referenee point

on the beam lfne fe estimated to be O"5 mm" After the initial
plaeenent of the scatterfng chanber no systenatic dlsplace*

men& 1n lts s¡mmetry plane has been observed.

The geeond neference poJ.nt on the beam Ltne íe

at the eenter of the switchfng magnet and Le aecurate Èo

f O,O5 mn" Using the transtt, the center of the beam de*

ffni.ng slite hes been made coLllnear wfth Èhc center of the

ewj,tching magne& and thc symmetry axÍe of the chamber 8o

* 0.25 ¡nm, The @rtror in the beam dfrection due to mis-

a}Ígnrnen& of the sltts 1s Lese than å O"LÖ,
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The front v¡ire chambers are rigidly attached

to two of the si-x faces of the scattering chamber" The

angles that the normals to these faces (and thus the wire

chambers) make with the beam direction, have been measured

to be 32"250 1 O"1Oo.

The wire chamber positions have been calibrated

by detection of p-p elastic events at 44.70 in the labora-

tory using the reference lines on the supporting nlate o A

3 mm diameter collimator was positioned above this line at

a heJ.ght corresponding to the expected center of the beam,

A 2 mm by 2 mm spot beam, tuned to the desired horÍzontal

and vertical position to better than t 0,5 mm in each

direction by visual observation on a screen¡ wâs used"

The analysis procedures for calculation of the required

coordi-nate constants are described in Ref , l+7 " The maximum

errors introciuced in the polar and azimuthal angles were

estimated to be i 0"13o and i O,I9o respectively"

III.2"2 Beam Position

l'he effect that lateral beam displacements has

on the horizcntal vertex errors is discussed in Sec. IIf,2.9"
In order to ensure that the beam did not u¡ander

from its desired position in the scattering chamber, a beam

positioning devi."48) t"" constructed, The rati-os of the
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proton fluxes in the beam tails were monitored and the beant

steered to the left or right by modifying the current in a

steering magnet upstream of the Scattering chamber" Lateral

drifts in the beam centroid were reCuced to less than
j 0,1 mm when bhe beam positioning device (BPD) was u""d48) 

"

For technical reasons the BPD was not a'lways

available " In this case extra care was taken with regard

to bearn handling" The beam direction and position were

checked frequently during the course of a data run, by

visual observation, The uncertainty in the beam position

under these conditions was esti-mated to be t O" 5 mm'

]'II"2,3 Geometrical Ranges

The hodoscopes subtend large solid angles and

can see uD to 22 cm of the gas target, The actual angular

ranges observed depend on the origin of the T)articles in

the reaction volume. In addition, the polar (g) and

azirnuthal (+) ranges are not independent. In Fig" 6 the

polar angle ranges are presented as a function of the par*

ticle origin for particles ühat lie in the horizontal plane

of symmetry of the hodoscopes (q: Oo andSp = l-80o)" The

upper lirnit seen in the right hodoscope is smaller than for

the left because of bhe baffles and collimaÈors needed for

t,he detecticn of the p-p elastic events (See Fig, 2 and

Fis. 3(b))"
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Ði agr^arn showing the iolar angle acceptanee (shncìed
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:osition nlonã the bearn directlnn. Tlrn particles
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tro.neter'. The ¡oi rt c eorresponds to the øeDnlet-
rj-e¿rl eenter of the scptl,erins chamber, Note the
polrr an;le scâIe doos not i:o tô zeroq
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The azimuthal angle ranges and the distribution

of detected evenLs along the beam direction have been inves-

tigated using a lvlonte Carlo þrocedure. Simulated particle

trajectories, with uncorrelated directions but a common ver-

tex originu hrere generated with random vertex position and

uniform density per solid angle" These trajectcries were

then tested to see if they vlere detected in the hodoscopes'

Histograms of the azimuthal angles and vertex positions of

detected events were made, A typical # Aistribution for

2Oo < e < ZLo is shown in Fig " 7 (a) . The distribution is

not uniform because of the integration over the target

length. The slight enhancement at + s I5o and the de-

pression near Þ n Oo occur because of the rectanguÌar shape

of the v¡ire chambers, The corresponding distribution of

events al-ong the beam direction is shown in Fig" 7(b)' The

nearly lj-near rise in the central region is due to the in-

crease in azimuthal range as the event origin gets closer

to the wire chambers,

The non-uniform distributions make it very

difficult to calculate solid angles ancl target lengths"

In addition, the polar (e), azimuthal (+) and target (Z)

ranges are not independent. Thus these distributions give

only semi-quantitative information about the spectrometer



*l+6*

roo (o)

-40 -?o o 20 40
PHI (DEG)

24o^

(b)

t80

60

-505tot52025
Z - POSITION (CM )

Figrrre 7
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ranges, If the effective azimuthal angle (*"ff ) is
defined as the H]/tHu of the * distributions generated by

detected trajectorj-es, then the de'pendence of êsg¡ on

the polar angles as shown 1n Fig" I is obtained" The

points ere evaluated for detected trajectories with polar

angles equal within * 4o and are integrated over vertex

positions along the beam, The error bars in Fig. I corr€-

spond only to statistical uneertainties in determining the

maximum of the distributions and the angles at half the

naxtmum va1ue"

III.2,4 Angular &esolutions
The azimuthal and pol-ar angle resolutions have

been measured by observing p*p elastic scattering events at

hZ and 24 Mel'l incident beam energles, Measurements of the

sum of the polar angles and the event non*coplanarity yield

the rlesired resolutions under the assurnption that the effects

of each hodoscope are the sanne and add in quadrature, The

histograms obtained are shown in Fig" 9(a & b). The meas-

urements of the sum of the polar angles and the non-copla-

narity do not include the effects of smaIl misalignments

of the scattering chamber or beam divergence" These errors

are summarized in Table 3 along with the measured resolu-

tions,
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histogra'n is for 42 l''e\r incident been energl' arC tLe
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1,Þre srrn of t,hc' po-r 'rr angles ' The r:nee¡ttr'':'-l vel tles
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The angular reeolutfons are domlnated by ehe

50 p* Mylar foi"ls paral}el to Èhe beam. With ûhe folLs ln
posftlon, the polar angle resoLutfon for 2L MeV protons

wleh polar angles of l+5o deterLoreÈes &o å O"39o from

* g,3go"* The effect of the MyJ-ar foi,ls 1e even more donlnant

for polar angles smaLler than t+5@, The followi.ng functfonal

dependences for the polar and azínr¡tha} angular resolutions

have been derfved fn Appendlx C,

( 6e12 * p(eeg) q(8eE)

* 
$ eosae (r + stnze ranze)

* O" Z1,*? + O,lgo2

IÏI*}

III*2

TIÏ-3

III*l+

(6S)z * :g,zq(ern) csc2e

n (e¡

q(8pE)

E," ts the pnotom en@rgy rela&tve to 21 MeV (Í"e"

% * E(MeV!/1LI " The eonstanÈ k Ls obËafned from the ratfo
of the observed A$ and g" resolutíons and f.s equal to ^,fã
(See Table 3't,

Usfng the funetLonal dependence sta&ed Ín

equatlone ïIï*1 Èo III*&, the angular resoLutfons for
varlous ppf eases havø been ealculated" The kfnenatLes of

# A1I" resolut*ons &re standard devlatfons unLess otherwise
etated"

+ o. 2502 I-%rro
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ppÚ @ve&Ès are dÍ.ce&¡seed fn Appendlx B. It euffåees h@n€

&s ¡¡oÈe &ha& for every pe*r of proÈon poLer angles Èhere 1s

a mexåmuÆ velue for &he eo&*c@planarf&y of the protons (de*

ffned by A@ * @R * @¡ *tT'), This maxlmus rlorr-ooplanarity

Le labelled AS^. Thie limitJ"ng klnenatic condftion also

hae a trnlque paår of proton energles assocf.ated wlt&r tt"
The re}atl"ve non*€oplanarfty @,. 1s defined as the retlo of
&he observed AS &o the maxlmum allowed by kfnematles

(Í,e" 6r *la+/óô*{),
Fig. 1O ehows the poJ.er angle resoh¡tion 16e)o

AÔ non-eopJ-anerÍty resolutfon ( 6ên) and bhe reLative hon*

eoplanarlÈy resolurt on t 6ôO/Aé* * ðQ.l for pp$ evenrs

vshere 6¿ * 8¡¿. The pro&on energ{es used wsre those for the

ll.mlting kånema&ie poånË es this corresponds approximateLy

&o the ev@rege ease@

I,ÏI,2 "5 Pqlse ü{eåqbË Ca}eb

The pho&omulËlp}ier votrtages on the seintil,*
la&fom detec&ors wetre ee8 wlth Èhe atm of provfding thø

lowest possåble emergy Êhreshol-ds consletent vrtth Fêê-

sonebXy good Ltnearf&y over the ensrgy regfon of trnteres$n

The phoaomul&lp}åen vol"Eag@s ueed durfng pp$ data-taking
resulted ln e l"Ísrear puJ-se-hefghÈ-energy' respons€ up to

37*38 MeV, This resppnse wes caLlbrated by obeerva&l.on of
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l*5o p-p elastic events at a number of incicient beam energÍes

ranging from l¡2 X'leV down to 23 !ieV"

At the time that the prompt background measure-

ments hrere made, the photomultiplier voltages v¡ere raised

somewhat, As a result some non-linearity of the pulse

heights appeared at about 20 !leV. The maxÍmum deviation

from linearity at the calibratlon p-p elastic energy of

21 MeV was about 2oþ" To investigate this non-Ii-nearity,

p-p elastj-c sca.ttering over the range of polar angles from

160 to 45o has been observed at three different irrcidenÈ

beam energies**/+2, 3L and 2) IIeV, Because of the dependence

of the scattered energy on polar angle, this yields a curve

of energy versus pulse height thab is continuous between

detected energies of 7 MeV to 38 MeV.*

Ís shov¡n in Fig, 11"

During actual data-taklng¡ p-p elastic events

at 45o were monitored for the purpose of cross section nor-

malization. They also provided a set of events rvith a well

deflned puLse height valne " These events were used to mon-

itor drifts in the photomultiplier gains during data runs

and the energy calibration constants were updated about

every five minutes,

t' Th" curve in Fig" 1I is obtained using a program written
by T, Millar, This program is also used to calibrate the
dependence of pulse heights on the position where-par-
ticles hit the large area detectors" (See Secu III"2,6)

One of these curves
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III"2,6 Enerffr Losses and Resolutfons

The @n@rgy losses of partfeLes ln the hodoscopes

are not neglf gf.bX-e, In fact e protons v¡'lth energf es less than

5,8 MeV cannot be detected" The partlcl.e energíes are there-
fore corrected for these loeses before any kinematic and

etablstlcal analyses are made, Fig, 12(a) shows the energy

loes for protonse calcuLated using the Bethe-BLoch formula,

The addltlonal, energy 1oss for partfcles hittfng
Èhe bungs&e¡r wÍres in the front chambers is slgnlficant.
However, thore ís no comp]-e8eJ.y rel,iable way to lsolate these

events and treat them differently in the data analysis"

ïn &he spectnometer, large &rea plastie scintil-
latfon detecÈors are used" The fnherent nesolutlon of these

detectors ts poor el¡¡ce the puLse height response is depen-

dent on the poslÈfon where the partícle enËers the scintil-
lator, The @nergy resolution obtained is Ímproved in the

data anal.ysls by compensatfng for the îorr-ürtLformlty of the

pulse heights on an event by event basis, This procedure

1s described in detaiL in references lr3u 49 and 50"

The energy resolutlon of the hodoseopes has been

de&ermLned by observation of p-p elastic events at 42 and

?h MeY fncident beam energy and by observation of the

¡u1&( pr2Þ)c13 and He4(przplT3 reaetfons at h? r¿IeY" For rhe
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(o)

20 30
SCATTERED ENERGY (MEV)

40

ENERGY (MEV)

Figure La

(a) Energy loet by proÈone fn ttre hodoscopes as & firnetlon
of the lnit{al" @nergyø Frotone wfth energles less
Ëhen 5"8 MeV are stõþped ln the hodoseope,

(b) Energy resoLuÈ1on of the degecÈed proÈons as a fune*
tlon of the detected energy@ The pofnts vøere deter-
mÍned by observatton of the mlssfng energy for 42 l{eV
ps,p eia-sÈig:^evente ( V ) " 2& MeV p-p elaetic eventg ( o ),
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(pr2p) neactåo¡rs &he en@rgy earrled awey by the resÍduaL

nucLeus 1s negllglbXe compared to Èhe pro&on energfes" The

eu.m of &he pro&on energfee has a well*deflned value de-

pefiding on the Q*value for the reaetton. Evente with proton

energfes equal withfn * 3 meV have been selected and hlsto-
grams of the mlssÍng energy obtatned" Assuning that the

two proton resolutfons add in quadra&ureu the singLe par-

tlcl-e resolu8íone can be estimated from the resolution in
the rniestng energy and are ehown lre Ftg" 12(b), Agreernent

wltlr the expected }/ff (A;F,/E * 0,17/dÐ dependence fs falr"

II,I"2"7 Enerey Thresholde

The dtserfminaËor threshol,ds used for the fast

puJ.ee hetght analysis do not transLaÈe fnto well-deflned

energy eut-offs, and c&re must be taken not to bias events

of fnteresÈ@ If we w'Lsh Èo detect al-l events wiÈh energies

boÈween certaln valuesu &he t LOiÃ varfaÊfon due to pulse

hetght response musË be alLowed for'
The Xsw @n@rgy Ëhresho}ds were reLatfveLy hieh

because of the volÈagee ehogen for the phoËonuLtlpllers,

The dffferer¡&faL dteerXmtnatore ueed in the trlgger eLec*

&roná.cs nequlred mlnfmum pulse hefghte fn the range

60 - 8O mv (depending oa the adJustments sf the partlcular

moduLe), Thfe eorresponded ûo 6 * 7 MeV of en@rgy (ED)
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depostted ån &he eounter, When eonsfderetlon of pul"ee

helghe K¡oÍ¡*rÀ$tforæå6fee and energy r@soLutlon (åE * 0.17ef6)

w@tre 6aken lnto eecoun&e pr@&one wlth see&üered energf.es

ø-9,5 &feV w@r@ deËeeted with full efficåeney,

ïn Later &@asur@Bente of t,he prompt baekgroundeu

the low energy thr@shoLda w@r@ redueed, The lo¡øer Leyele of
&he trlggerfng dåscrtmlnatore passed events @ich deposl&ed

Þ3 meV of energy tn eeeh of the deteetors, Thle €@rF@-

eponded tô seetÈered energies of abora& 6.6 MeVu implylng

that 6he eyø6em deËee&ed 7 "5 lqeV perË1c1€e wl&h ful}
efflcfency,

The nrpper energy cut*offe were de&ermi.ned by

Èhe Á E eettS.ngs of the trfgger diserim{nat@rs" CaLlbreÈlon

of these eu&*of,fs was done by comparfng elngles speetre from

the detectors taken wnth eo upper eut-offe and wiËh the eut,*

offs app].f.ed, Atr¡ exanpS.e 1s glven ln FJ.g* 13" The effeeÈ

of the upp@r eut*off Ís very clear" fhe upper energy

öhresholde ehoeen corresponded to deteeted partÍcLe energies

of 2b MeV, Thue, after fneLudlng the effects of PHT rlolt*

unffornftåes, pant3,c1e energles 4 2I MeV w'€r@ de&ected

to I0OS efffcfeney" The detection effíeleney decreased

smoothLy to O over the renge from 21 MeV Eo ?7 MeV" Occs*

s1onaL1y, due to phoËonultlplier driftsu some caltbratl.on
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elastic protons with 2I MeV energies were rejected, This

amounted to *t+7à of these events in all ppf data runs"

The value of the upper threshold is critlcally
dependent on the calibration of the scÍntillation counters

and the proper matchlng of the Èwo photomultipliers for

each detector" 0n1y drifts in the photomultiplier gains

{ LO',i' were tolerated and data-taking was halted by the 360

computer if drifbs greater than this occurred. V'Ihile taking

data, the E and ÂE l-evels r¡Iere routinely checked for drifts
at least once every 2l+ hours"

IIf 
" 
2.8 Coincidenc,e Circuit Ef ficiency

To ensure that all ppf 
"t"nts between the energy

thresholds v¡ere detected, it was necessary to obtain a dela¡r

curve for coincidence circrrits Cp and Cp in Fig. 4y This

rtras done rrsing a 42 PIeV beam and a CDt target and observing

protons separated by as much as two beam bursts, The

orompt D(p¡2p)n events had an asymmetry of energies (and

therefore transit times in the hodoscopes) that eorresponded

to the worst cases for ppË" The results of the delay curve

neasurements are shown in FÍg, I4.
To obtaln this curve, delays were edde4 between

the I,lIXERts and DIFF DfSCrs in Fig, 4, Negative delays on

the right corresponded to a delay added on the left " The

o Iþ" right lnput to Cp has an intrlnslc delay
Thus Cp and Cp never'-observe protons from the

of 35 ns,
seme pair

of beam pulse-s 
"
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@@@

@øø

-4
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-8

-to
-80 -60 -40 -20 0 20

DELAY ADDED TO RIGHT ( NS )

Flgure llr-

Curve showing Cp-CR counts as a funetj-on of the
relative delay (see text) between the eoÍneidence
eireuít inpttts. Prompt coineidcnces tl'ere between
D(pr2p)n events. The error bars are smaller tha.n
the slze of the points,

40
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range of delays used resulted in the following sequence

(a) both Cp and CO observed random coincidences only

(detay Èr'-7O ns)

(b) Cp observed orompt D(po2p)n coincidences while Cp

observed random coincidences (delay = -35 ns)

(c) Cp observed prornot D(p¡2p)n coincidences while CR

observecl random coincldences (delay rr 0 ns)

(d) both Cp and C, observe random coincidences

(delay x 35 ns)

'l'he peaks at *35 ns and 0 ns were not quite the same height

and there was a small net count at delays of *70 ns and

35 trs¡ indicatÍng bhat there were electronic inefficiencies

in C, which were beam intensity dependent Í This was approx-

imately represented by

C. C.*^ "x100: {O,25f,) xl(na)tR
]II- 5

The widths of the discriminator pulses used for Lhe inputs

to the coincidence units were set for a 5 ns flat top on

the delay curve.

IfI"2.9 Vertex R,eåolution

The traJectories of the protons are rêcoh-

structed by computer and projected back into the symmetry

plane of the scattering chamber for each event, NorfiâllYr
* The canceLlation of random counts for aelare

35 ns indicaÈes there is no slgnificant intensity modula-
tion between consecuttve bean puLses.
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&he Èracks do not appear &o have a comnon orfgin because

of muLtfple*seat,&erfng effecte and &he flnLte spacing of
the wtre coordinaÈes. Two coordÍnate axes äre defined in

pendicular (Y) &o åt ln Èhe verti.eel direetlon (See

Flg, C-l 1n Appendlx C) " The dlfferences (vertex errors)
of the posltfong of &he È&flo track Lntereeetlons unlth the

bean plane are deËermlned ln these dÍrectionsn

The Z-vert,ex @rror is eeneitfve to the lateral
positfon of the beam. If the bean centroid does not co*

fnelde with the synme&ry plane of the spectromet,er, ån

asyme&ry ts lntroduced ln the Z*v@rÈex srror dletrlbutionu
For parÈlc1es with polar angles 8¿ and @p, the posltl.on of
the z-vertex €rror centrofd tr (.åv2) ) depends on the posftlon
of the leteral, beam cen&rold ( (xn) )

4avz) @ (xs) ø (est6l + cotss) III*6

At small" angles &hle shift ean becone qulte eerious and

e&use events to be los& because of an apparent Lack of ver-
&sx, The soluÈLon Èo thls problem s+as dl.scussed ln
SeE, Í11."?,2. Fsr the reaÈ of thls dlseusslon lt is
aeer¡med that (Xn) * 0.

te& {AYo) and (AZo) be stendard devt srfons
of, the vsrÈex errora ae meesuned for I+5o p*pr elastlc events
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e& t+? MeV åneldeng beam @nergy@ Simple geome&rf c consld*

@re&*ons ehow Èha& (¿f ) and l4 z) s &he ver&ex ertrors

for seËe of promp& eventse &re geome&rfcelly related under

ldeal. condftåons of %erø beam wfdËh. The foLlowlng epproxø

lmete dependenee @n Èhe geometrie and kínemetlc paraneÈers

of the evenÈ 1s obtafned* (See Á,ppendix D for detalls")

(ax
áeI

1Az"\ 8'' (AYo) o

<é.z> æ, (esczeg + *u*zop)å

III-7

Til-8

III*9

where
III-10

In the above diecuesl-on the effecË of the wlres

f¡¡ the front chambere i.s noû coneidered, These wfres are

5 pm &hÍak &ungsÈeq I2O ¡m apart, TweLve percenÈ of the

par&lcl€s hi& &hese wLnee on eeeh sfde and have dlf,feren&

vertex error dLeûrlbutåone because of the I-arger multipl-e*

ecaË&erfng ln the t'ungsËen, Thls ie eho¡sn fn a plot of

the adjus&ed Y*xrerÈex **"ot* for !*2 MeV D(ps2p)n evenÈsu

*n Få9, 15" The pres@nce of &wo Gaussfan distrlbutfons is
c1ean, Å large nr¡.mber of the events that híÈ the &ungst,en

The meanlng of the term eeadJusted verÈex errotrm ls gfven
ln Sec, VII,1.1

* = zLZ turz + eu2)rT_qrÇr
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Figure 15

Log plot of the adjusted Y-vertex error for 42 I{eV
D(pr2p)n events, shor.+Íng the effeet of orotons
paêéi-irg through-a trrngsten wire in th.e front chamber'
ihe smõoth crrives repiesent Gaussian distributions
with stnndard cleviatïons of O.L?5 cm ancl 0'80 elno

These values gave the best visr¡al fit to the data in
the eentral region,
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wires are rejected because they do not make a sufficiently
accurate vertex, Further discussion of the effect this has

on the ppf Oata analysis is given in Sec" VII,f.,3,

III,2,LO !ülre Chamber Efficiency

The fraction of true events that nake an

acceotable vertex is one of the most important properties

to consider when discussing the spectrorneter" This number

is dependent on beam intensity because 6-rays and extra

proton tracks may result in soarking inefficiencies for the

track of interest or make the event too complex for analysi-s'

The vertex efficiency has been measured using 42 MeV p-p

elastic events at various beam intensities between 0"Ì and

5 na" The results are shown in Fig, 16, Corrections for

triggers on random events that do not make a vertex have

been maCe, The vev'tex error limits were wide enough to

accept alrnost all events that hit the tungsten wires" The

upper curve shows the highest o.verall efficiency obtained

to date while the lower curve represents a relatively poor

but acceptable dependence on beam intensity"

data runs were taken with vertex efficiencies

two curves.

Almost all ppf

The ran€ìe of vertex efficiency at a beam inten*

sity of 3 na indicates the s|ze of possible uncertainties

between these
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Figure 16

PIot, of the spectrometer vertex efflcieney as a func.tion
of the ineident beam lntensity" The ltpper curve (@) shows
the best, overall effieiency obt,aincd in one test" The
lov¡er cÌrrve (e) indicetes a relatively poor bt:t aceeptabl-e
vert.ex cfficiency. The error b¿rs are statistieal llrteêr-
taintj es in fhe number of uncleteeted events and in corrêe-
ti.ons for r¡nrìor¡ eotnci.deneês. Trlote thnt t,he vertical
s r:,'r lc ,loer not ertencl t o zero .
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during ppÉ::uns, The åmporÈanee of havång Eome method to

eli.mlnate thle posslble systematie error is clear, By

de&ectlng p*p elasûlc events at the sane time as pp$

events, the effeets of wLre chamber trneffietencfes are

cancel}ed (See Sec, ll,2"2l " The rellabj.l1ty of thie
procedure depends only on the de&ec&ion efficlency being

unlform over the fulL surface of the w'lre chanbers, This

ts dfecussed 1n the next sectlon,

IIX,2,11 Wire Chanber Unlformltv

The wire chanbers observe a v¿'lde range of polar

angles a¡rd 1t Ís necessary to deternlne Lf there ere any

systenatic errsre introduced by dependence of the track

detectlon efflclency on polar angLe or on the positlons

where the partieLee pass through the wtrre chanbers" thls
hee been checked fn two ways, The p*p elastie dfsËrlbutÍons

for polar anglec fn the renge 20o.( I *4 35o have been ob*

served and compared Èo expected dlstributlone, The resulte
&re shown 1n Ffg, 1/(a), fne R/t asymnetry ln the poJ-ar

ang}es has also been checked usf.ng the He4(ps2p)T3 reactfon,

Thls ts shown ln Flg, W(b). The varfa&lon from trnlformlty
for angles Vj?@ is due to the effect of the 82 baffles (see

Fig, 2l , F'rom these resulte fb ls coneluded that the sfe-

ÈemaËic @rrors introduced by wire chanber Bofl-Enfformity are

sna1l and are therefore neglected,
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I ( Deqrees )

25 30 35 40 45

THETA (OEG.)

Figrrre L7

(¡) Dlstrihution of p-p elastie single partie-l-es A.s a
fi,rncticn cf fhe polar angles for the LEFT (ø) and
RIGHT (o) hodoseones. The smooth curve is the ex-
pected dist,ribr¡tion proporl,ional Lo ihe F-p elastj-c
erosg seciion..

(b) Ratio cr the nurnber or He/r(pr2p)t3 evenr-s in the
IIGHT hodoscô'rn r.n the nunnbei 1n the LEFT hodoseope
as a function- of the rrolar angles" l'he alrerage
va.Ìtrc of the ratio i -. 1.0. Tñe drop 8t angì-es >r37o

ls due to the 82 baffles.
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CHAPTER TT

}iONTE CARLO CALCULATIONS

In calculating ppü cross sectj-ons, effects of

the specLrometer detection efficiencies must be.considered"

Geometrical restrictions imposed by the baffles, hodoscopes

and low energy cut-offs were considered in Sec" fI,3, and

the detection efficiencies €o and €1 discussed. Analytical

solutions for these quantities are very difficult to find

and they have therefore been evaluated using Monte Carlo

techniques 
"

In analyzing the pp$ data, all events r4lere

separated into bins depending on the variabLe" 9L, 8R, ðr

and Wg . The description of the subdivisi-on is as follows:

(a) 8L : the range from 160 to 4Oo is subdivided into

6 sub-rangesu each l¡o wide,

(b) eR : the range frcm t6o to 360 is subclivided into

5 sub-ranges, each l¡o wide"

(c) Þr : the range from 0 to 2.O is subdivided into

20 sub-ranges, each Oul wide" The ra.nge extends

to 2,0 because of multiple-scattering effects on

the @, distribution"
(d) V6: the range from 0o to 3600 is subdivided into

18 sub-ranges, each 20o wide.
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The detection efficiency €1 has been evaluated

for each bin (a total of 6 x 5 x 20 x l8 = 5lþOO bins), êo

is inderrendent of Wy so 1t need only be determined for 600

individual cases, Calculations of €, and €o were done

independently. For the fo"r"", " simulated set of ppd

events, weighted according to the theoretical predictions

of the Hamada-Johnston potentia-I, was used" Calculations

for €o required the generation of simula.ted prot,on tra-
jectories (not necessarily corresponding to trajeetories
allowed for actual pp$ events) and tests to determine if
these trajectories would be detected in the hodoscopes.
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PPtr EVENT SI}IULATION

It was necessary to have a set of data with

simulated pp$ events (similar to the data actually observed

in the experiment) for a number of reasons as6ociated with

the design of the experiment and the data analysis'

(a) The acceptance of the spectrometer could be in-
vestigated and quantitative information about effects of

low energy cut-offs and wire chamber positions could be

obtained.

(b) In cross section calculati.ons, corrections due to

energy cut-offs in the spectrometer had to be made. These

correctj-ons depended on pp8 cross sect,ions since the Vy

distributions change rapidly and non-uniformly" Estimating

the correction required a set of data that matched as

closely as possible the measured dlstrÍbutions.
(c) Comparison of the exoerimental results to theoret-

ical prediction-o could only be acconrpllshed by including

effects of all experimental blases in the theoretical ore-

dictionsu In only a few simple cases could this be done

analyticâIl¡r" t¡ihen integrations over large ranges of the

polar angles urere perforrned, no theoretical predictlons

for the resulting cross sections were available, Theory

and experiment could only be compared by analyzing sets of
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real and simulated events in the same manner and comparing

the resulbing distributionso

fV,1.1 The PPS Event Generator

The Monte Carlo program (called COIIBINE) used

to generate the ttfakeït set of ppt data, u¡as a modified

version of the random star generator conta.ined in the pro-
f<

gram nOTuVlrt€' Each ppd event was 6Senerated by a succession

of two-body decays from a single particle with total energy

equal to the C"It. energy of the two eo]liding Þrotons, For

example, the sequence could be represented by

p + p @ A -@' pI + B @' pI + pZ + f
The principle of this particular ty.pe of event S5enerator

is described in detail by F. James82¡ 
"

COMBINE generated ppd events assuming that
there were no lnteractions between the three outgoing par-
ticles" That is, the matrix element deseribing the inter-
a,ctions between the particles was unity" In this case all
spectra were given by phase space alone, that is, by sta-
tlstical (density of states) and kinernatic factors. In
cOl4BrNE t'he folrowing sequence of carculations was made:

t" 
Tnu origÍnaì- version of the OlrjÏ, program was written byq. R. Lynch (Berke1ey) and rnodified-by J" P" Chandler(Florida State University).
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(a) The momentum comDcnents for the ppd event were

generated and some simple variables calculated (i.e" 8¡,
0R, éf , ên)" A test was made to see if these variables

were within ranges that could be observed in the spec-

trometer" ff they were not, the event was rejected"
(b) A vertex orlgin in the allowed target volurne was

chosen, the position along the beam direction being picked

at random" The vertical position was chosen so that the

full set of simulated events had a distribution simi-Iar to

that observed in the ppd exoerimento A test was then made

to see if the particles missed the baffles along the beam

(baffles Bl ancl Bå in tr*. 2) " Particles hitting the

baffles were rejected"
(c) Slnce real pp6 events undergo multiple-scattering

in traversing the hodoscopes, and the detectors have finite
energy resolutions, these effects are also included in the

sÍmulated pp8 events. The expected proton angular and

energy resolutions were ealculated for eaeh event and the

generated values of E, g and # altered, Adjustments be-

tv¡een t 3g in each variable hrere chosen at random from

Gaussj-an distributions. The energy and angle resol-utions

hacl the frrnctional dependence described earlier in Chap*

ter ïï"
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(d) The proton trajectories v¡ere then tested to
determine if they were detected in the hodoscopes. Events

hrere rejected if both protons were not detected. Limit-q

on the wire channber coordinates corresponded to regions

that were not blocked by baffles (See Fig. 3(b))"
(e) For detected events all requlred kinematic var-

lab1es were calculated from the adjusted oroton energies

ancl angles in a similar manner as for the actual np8

data" In thj.s way effects of the resolutions were in-
cluded in the photon kinematic variables.

(f) Since phase space spectra are not a good repre-

sentation of the actual speetra measured, it was necessary

to i-nclude results of theoretical calculations" The orob-

ability for a particular event to occur is given by

d(F= CR3x rv-1

where R. is the Lorentz-invarlant phase space factor andt
pl.E. is the rnatrix element for the interaction, In order

to obtain spectra similar to the measured ppÚ data, a

weight was asslgned to each generated event proportional to

li4"n"N 
2. How this weight was obtained is described in

Sec, IV,1.2 and fV"1"3.

lr'r" !'
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fV,1,2 Event Weighting Factor

In this thesis M" K, Llouts theoretical pre-

dictions for the Hamada*Johnston potential have been used"

A basic theoretieal outline is given in Appendix F" The

cross section as calculated by Liou36) is given by

F d.Ctldf?zd "PU rv*2

whereJã'is the proton charge, m the probon mass, Pl the.

incident proton laboratory momentum, K the photon energy,

\ the matrix element and F df)ldnZdVf a phase space (not

Lorentz-invariant) function" This form is not approrrriate

for use 1n the l"lonte Carlo program. Equation IV-2 must be

modified so that t,he Lorentz-invarlant phase space factor
can be separated out and the weighting factor derived. The

cross secti-on ,can be written

dg-l¡It*R3
n3 is the invariant phase space

invarlant function that contains

probì-ern and in this case is also

factor" The expression F df)IdnZdVf can also be written

do. : o{ ( tr, \r*lÞ;ffi

TV_3

fact,or and l¡Jt is a Lorentz*

all of the physics of the

the correct weighting

F' = Fdf,IldJardVç = d{rr-rr,olni o3nå a3r rv*4
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The 3-body Lorentz-invariant phase space is given by

*3: d(rr-rr) # 6tnl2-,nrtlouol rv*5
l_:I

Comparing fV-4 and IV*5, the followins result is easily

obbained

R^ = Ft rv-6
tT

ElE2K

EI and E2 are the proton energles in the final state.

Substituting for F' in W*2

do- = ocninin, 4,ärr
;4ñ-r- \

The weighting function ls then

*tt*lþ rv-7

w-8

A large number of theo.retical cross sections have been cal-

culated and matrix elements obtained. Since kinematic

parameters for the simulateO ppü events are chosen at ran-

don, they seldom coincide with points for v¡hich these nabrj.x

elements u¡ere evaluated" As a result lt is necessary to

lnterpolate between different,matrix elements to obtain

proper welghts for each event " The procedure used is
describecl in the next sectlon"

!{r = d(r = *TiT; (årr 'nît'wt}q ffiq\ B
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IV.l"3 Evaluation of Individup-l Event l{eights

The weights (proportional to 0M "E.g?) have

been evaluated aü regular intervals ln €1r @2, @" and V6

The points at which thel' u¡ere calculated are summarized

as follows.
(a) el from 14o to 42o in 40 steps,

(b) gZ from L4o to 38o in 40 steps"

96 from oo to 3600 in IOo steps.

@" at approximate values of 0.0J, O.25, 0"50,

O "7 5 and O,95 .

Using a spline fitting procedur"* " two-

dimensional fit to the weighting factor as a funetion of

@r and W6 has been made for each pair of polar angles

described above" Evaluation of the weight for a part'icular

event is a two-step process.

(a) The four polar angle pairs nearest the polar angles

of the protons were determined (e.g. for 6L= 25o and

8z = l9o the four pairs would be 8l * o2"'o : 22o * l8o,

ZZo ^ ZZo u 260 * 18o and 260 * ZZo), The Vg a.nd @" values

A package of programs for using spline functions in cürvê-
fitting applications was obtained from the University of
Maryland. Most of the modifications required for use in
COMBINE were made by Dr, K. F. Sueno

(c)

(d)

'*"' Tha values stated for 8r ; gp are the centers of
bhe polaT angl-e bil. (1ie u 2äo * 22o means 2Oo S 9L o( 2l+o
and 2oo € sn S zl+o).
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for &he event ( caleuLated uelng qEqqåIlffiqq proton angles and

ener8fes - see Sec, fV,1"1 (c)) were used to obtain wefghts

correspondlng to aach of the for¡r poLar angle paJ.rs pre*

vlously mentfoned,

(b) A two-way LÍnear lnterpolatfon using the poLar

angles as variablee wae nade fron the lç weighte obtaLned

ln (a), Thle ffnal reeult was used as the welgþt for the

€vent,

Tests of the splfne flt to th@ @r * VS dis*

t,rlbutions lndlcate the welgþts obtafned are accurate to

betüer than È z16.
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EVÂ&UATTOS OF DETECTTON &FFTCTEHCÏES

fV*Zu} GepqetrLeal Ðe&ee$åon Effåc*encg

In equa&Íon II-1"I, the number of detected

even&e fs proportåonal to the prot'on solld angles and

effectfve targe& elue. Thus

Npp6 Õ( 6otAfIrAnR III*9

For suff*cfentXy emalL Eolld uogtu*j t,h€ eross-eectlo¡r

¿a/dfå¿dfåpdSy may be eonsLdered as constant,, Ohangfng

the aafmuÈhal angle varlablee i"n accordance wfth the dis-

cussion in Sec, II"3u and inÈrodr¡cång a eonstant of pro-

pontJ.onal-lty 0, equatf on IV*9 becohee

NppS * c€rtAÆl Å cos8B AÔm A@* rv-10

€* Ss a funetfon of 0¿o 6& and @ya and fs av*

enaged oven the proton eolid ang}es Aftf and .Al?p.. If €"

kr@re uni&y, thåe røould eorrespond to all proton treJecÈories

belng detected by the hodoscop€so Evaluation of €6 fs
aehleved by slmply ffndi.ng the fractfon of proton traJec*

Èoråee Èhat &r@ detected in the spectrometer for gtven

values of @¡u 8R and €*

Consfder pairs.of uncorreLated traJectories,

wåeh eommon vertex orÍgånse generated uníformly along the

beam dfrectlosr ln the aLLowed target volume (L*23 
"Q cffia

ppr

ths
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from near the BI baffles to the 82 bafflee ån

havlng unifo¡"m densiÈy pen unít eolid ang1e,

of such paÍrs ls 3{go, then

Ng" * e 
I ÁSt t Acos8¡ Aeos8g A&* A@*

fie- 2) and

If the nu.urber

w-11

The range of @tr choeen (* lEOo) *e Just sufflciently large

that the left hodoseope does not subtend anglee outside

t=m6(ffi)*# rffi-
JKdru

thls range" The ranges of 8¡ and @g correspond to "pafrs of
&he poLar angle bår¡s deseråbed eerlÍer, The vertteaL dfs*

&rfbutlon sf the ontgd,ns of the particJ.e traJectorÍes was

given a ehape approxfmatfng that observed in the ppü experi-

nent, FolLowfng an argu.ment sfmllar Ëo that ln Sec"..ÍT."3s

the nr¡nber of paire of &raJeetorles deËec8ed (*Au) l-s

sd, EE! €a **" IV-l2

$i.nce &ho uncex"talnty Ln 6* ås etatl,stlcal in nature, the

precfslon to whlch it fs ealeulated ean be lmproved slmply

by lncreaslng &he nunber of randourly generated traJectorLes.

tettlttg Ng" * Wd* * Nuos then, efnee the expectat{on value

of NOo ås gfven by the bfnomial dfeËrfbutlon, the fract,fonal

uncertafnsy 6€"/€o 1s

IV*l3Êügo€o ( 1*% )



Røplaclng

sec8fon beeomee

-83

€,* ln equatÍon II*12s the eross

dc * *gep-{- ' Ngq 
@ãnTW ryÇffi trd"

IV-ll+

for 22o*22o po].ar

38o*3tro" Theee

The values of €o

where Aêg, Acos8¡, Acos8¡ and Aê* have the Ea¡ne values

as ln equatlon IV*11. Use of €" ln equa8lon fV*14 (ln the

fo¡m f{6"/Ngo) aeeumes that varleti.on in bhe neaeured eross

sectlon can be neglected, In actual fact the crosst sectLon

does ehange by as much ae å 3.Ofi" Since €," fs al-so depen*

dent on the polar angles, there is a emaLl error fntroduced

Ínto caLeul"atlon of the eross eectione. The maximum value

of thts error has been estimated to be å Zfi and ls mueh

emaller &han ehås ln most cases, The error is emaLl because

the eross eeetions and €" vary smoothJ-y and near1-y LfnearLy

&s & fu.neËi"sn of &he poLar angles"

The eorree&ton factore (1/€o) for eopS.aner tra*

Jeetorles range from a minlmum of 1"95

ang3.e pafrs to a maximun of 11.06 for
f,acÈore lncrease wÍth lncreaslng @",

ware ealeuLet,ed wi.Ëh stetfstfeal preeieLon of about e 5$

for a glven @" vahae and abouË * Ï to 2$ wtren lntegrated

over @o,
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Energy Detection Efficiencyrv "2 "2

the

with

The quantity Noo¿l/eoer gives the number of ppd

events that would be detected if all spectrometer effi-
ciencies were unity " €o has been evaluated in Sec" IV.2"L

and compensates for geometrical efficiencles provided that

the proton solid angles are small, Events generated ac-

cording to the procedure described in Sec. fV.l"1 have been

used to evaluate €I, v¡hich is due to proton energy losses

in the hodoscopes and the differential discriminaLor eut-offs,
Correction for €1 is translated direetly into

Vd distributions. An example of €f for coplanar events

polar angle s of 22o - 22o would be similar to Fig" 18

when plotted as a frrnctj.on of VX

€!

FÍgure

€., as a function of' Vg.
shöws how € I is affected
and enerÉ{y rêsolutiorrso

L.O

18

The dotted curve
by finite angular
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&ee Mgtr and M61 be &he nr¡¡nber of generaËed and deteeted

MonÈe 0arlo ppd events welghted aceordtng to theoretical-

predletto&Bø Slnee altr genera&ed evente have proton tr&-

J@ctoråes deteeÈed fn the specÈrome&er (See Sec" IV'1"1*(d))e

&hen
ru¿1(e5u@Ru@r, Wd) * €,1 B{gl(8f,rgn,16", Wf) IV*l5

The stat,fstlcal une€rtalnty ln €* 1s givon by an exprss*

sLon efmlLar to IV*13'

W ^2^3 Evalua&f-or¡ of Measured Cross Sectfons

Ttre ppd croas sectfons obÈalned from the actual

data are eal.cuïated from equetLon IV*3.& efËer sube8l&utlor¿

for €"L

* NppE* " Wso " Igl '2QÁoro Wdo Nat

To obteån the nots-Boplanarlty dtetribuÈåonsu an fnt,cgretfoa

(eumreatlon) @ver W6

E
W6

Å problem åe lroediately apparen&. lf' €1 * O for som€

range of çS then NppY for Ëhat range ln fV*1,6 wi1l aleo

bE øer@" A eompuÈer eannoÈ evaluaËe Npp6' 
þ 

* t ø oÕ

W IV-16

IV-X7

*s perfomed 
"

--ds A Vfdn ld.cågd 9¿

df,I¡df,Ipd W6
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and obteln a EÌo&-E@Fo f*r¡L&e number (1"e. t,he nr¡¡nber of
ppf events er@at@d) ø Thus ühe summat,åon ln N*LT eannot

be perfor@ed nu.merically as ehow¡r åf €. t fs 0 any.where fn

the Wg range"

To overeome this problem, the non*eoplanarity

di.Etri.buÈlon is wrltÈen ln a dlfferen& form" RememberJ.ng

Ëhat $*"/ßüa" ls lndependent of Vt , then

dgr @ I " Heo ø I , tsEl,ÇN v ïv*l6ãæR ã6ãffi ffi ffinrãffi ffil & ppÕ

where the eummaÈlons are ov@r V6, Thfe yfelds the same

resul& as equatåon fV*1"7 provlded that Ng1 and P{6n are

derlved from the seme Vf dtetrLbutÍons ae the erperinentaL

reeuLts (1.e" mro6/$dï * eonstent for eaeh ,tå value)"

The fnbegna&ed eross eeetlo¡s as a functlon of

&he polar angJ.es fs obtai.ned by summ5.ng over @*, teÈtlng

Mo - rugr/Na" and M1 * &N4/ãSaru then

ffi 
* 2lFA@* srnel sin6P 

ä *ffiñ aÕ* fV-I9

An fn&egra&ton from @f, * O@ &o @l * ffi hes been performed,

Im eome eaeee the eoruectfon Þ11 beeomee very

lange, In &heee e&a@su the experlmeatalLy derlved erocs
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aections have additional error due to uncertainty in the

proton energy cut-off (due to errors in the PHT-energy

calibration). The maxl-mr¡¡r¡ estinated error is È 4OO keV,

Corrections for this have not been evaluated in detail,
or lncluded ln the analysis. Estimaüed errors are given

later in Table Ió.
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rv',3 &Esutrs 0F MoÊüTE cARto A$üAtYsEg

lV,3,1 SpeeÈqgme&eg"_lLeggptance

The speetrometer accoptanee has been lnvestfgated

usíng unweighted (*"e. phase space die&ributi.one) Monte CarLo

ppü events" Approximately Lf" of all events generated fn the

ellowed target regJ.on are de&eeËed by the spectrometer" Ân

lndLcaÈton of the effeets of en lndlvfdual hodoscope on Ëhe

polar angS-e acceptance ls ehown ln FLg, t9(a) " The two

81,€R dfstråbuÈ*ons correopond to (1) aïl generated events

and (,2'l all evente detec&ed 1n both hodoscopes" Fig" 19(b)

shows the dtetE"lbution in garnna ray energles st'tth and wl"th-

ouü the enorgy eu&-offs applfed for events ln eurve (21 above.

The relatlve}y hf-gh energy cut-offe result in a sfgnifÍcant re-

ductfon 1n the number of detee&ed eveRts"

ffi[,3,2 Genereted Theoretfeal DletrfbutLone

The dtetrfbutlons of ppl events weighted

accordfng to the I{J potential predlctfone, have been ehecked

by observaÈlo¡r of the Wg and @, dÍetrfbutlons, FJ.g" ZO(a)

showe E &ypieaJ. generaaed V6 dÍetrjLbu&Íon (for 22o*a6o ppd

øwente) lntegrated ovetr @r =€ 0,4+, The eoLld curve ts the

expec&ed øhape, The agreemenË is excelLent, The statlstlcaL
@rrors for a parËf.eular value &r@ about t fOÉ as there are

Flg* zO(U) ehows the @r generatedonly ^'LOO ewe¡rts per bln,
and expee&ed dis&rlbutåons, Again agreenent ie seen to be good*



89*

CN
[-
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B¡ + 0¡ ( Degrees )

to t5

Ey (MeV)

Figure 19

(a) Distrlbutlon of events as a function of the srrm of
the proton polar angles for all ppf events (curve f)
and lor thoie detecõed 1n the spêètroneter (curve 2l 

"

(b) Distribution of the photon laboratory energy w"ith
and w"ithout the energy cuü-offs of the spectrometer
applled, These cut-offs corresponded to-E¡7 9"25 MeV
and EP )z 10 .?5 I{eï .

oö
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o.4

o.r

Flgure 20

(a) iionte Carto Vrdistribution for events in the 220-260
polar angle bin for relative non-coplenerities
€-< 0"1+, The smooth sol-id curvo Ís the theoretical
piediction as calc';lated by Liou for Lhe Harnada-
Johnston potentia'l ,

(b) l,{onte Carlo €" distribr.rtion for the ?.20-260 polar
a.ngle bin, The smooth etlrve is the HJ theoretical
precìiet i on 

"
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ÍV,3"3 Eff,ec&s of Specbrome&er ¿gggÅutfoBg

The effects of the ffnite en@rgy and angular

resolutfona &re shown {n Fi.g. ?L(a & b)" The bar hleto*

grams for 22o * 260 ppd events are the same as fn Flg" 20.

The dots shovr the sa¡ne dlstrfbutions with the resoLutlons

fotded in, In this particular case the tft reeolutlon Ís

abouÈ t 15o and the ã, resolutlon ie * 0.216 (standard

deYlation) u

The effects of the @n@rgy cut'-offs &re shown

ln Ftg, 22, The bar hleÈogrem shows the events lntegrated

over the obeerved proton polar angles and over €r' The

dots lndicate the same eet of evente with Ëhe cut'*offs

apptled, The effect is quite J.arge for 22Oo -< 
tUr ( 36O0"

fV"3"¿' Use of Monte Carlo Data f-n a GLobaL Analvsfe

The set of welghted Monte CarLo pp8 events

shouldu 1Ír princlple, be fdentical to the measured ppÚ

data. Croes eectfons and dlstríbuÈÍone of specfffc

varlabLes for Èhe Èwo sete of data ean be compared and

any dffferenees obeerved could be due to devfatlons of

the actuaL nucLear poËentlal from t'he ÏIJ model, provided

all cxperimental blases and background eorrecËfons have

been properly consíderedu By lntegraÈ1ng over Xarge phase

spåce ranges, partieularly the pro&on poLar anglesu th€
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(o) ?,2"-26"
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(b) 22" -26"
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Figure 2L

(a) 9¿ distribution of the i[onte Carlo ppX events for
220-260 polar angle bin for ë¡ ( 0.4, The dotted
hlstogram shor¡Is the effeets of the finite angrrlar
e.rC ênêrgrr resolutions of the spectrometer.

(b) Þ- distri.brrt'i-on {"or the 2.?.0-260 poì-ar an¡;le bin
efrowÍn¡¡ the effeets of the resol-irtjon in Þ¡. Fot'
t h 1s cärr 6&,,''0 .?L6.

4

tft!-3
2
)

ãz
É.t-
mlfr

4

CNt
z,
f

ftz
æ.tfnr
É.



-93

(o) Õ -< o.z

L-

I

I

I

I

-J

I
L- I

L-a
l---'-ì-ri

I
IL-l t-'r-'j-*-'-

Oot-nþ-- tggo z7o" 
-B60oVy ( Degrees )

^t 
I I I

"o go" l8o" 27oo 360o

Vr ( Degrees )

Figure 22

W6riistribtrtion for l{onte Cerlo Pp$ events inte-
grãted over the proton polar angles aqq Þr I'tP loó,2.. The effectè of the energy cut-offs âre shown
in the dotted histogram"
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statletfcal aceuracy 1n the neasured dlstrlbutlons le
fnproved, allowing more rellabLe comparisons to theo*

retical predictlorso Thls procedure ls referred to as

a GLobal Anal.ysis, and is used later to tesû the theo-

retfcal dependence of the cross sect!.ons on the su.m and

difference of the proton pol.ar anglesu and on the event

non-coplanarfty"



CHAPTER V

P-P ELAST'IC CROSS SECT]ON MEASUREMENTS

The problems inherent in proper ppÚ cross

section normalization and the solution adooted were out-

lined in Sec. II.2"2" The question is now treated in more

detail and a description of the actual measurements per-

formed is presented"

V"1 PRINCIPLE OF THE NORIViALIZATION PROCEDURE

The crux of the problem was to normalize the

charge that passed through tl" speetrometer for effects

due to temperature, pressure, electronic and computer dead-

time and wire chamber efficiency. The dependence of the

measured cross sections on charge is given by equations

II-12 u 13 o 14. It is possible to substitute for the charge

A in these equations by using equation I1-2. Then

d<r
aqaã-ñãqr A-f)1Ár2.R A VU

Lel-ra-e)
da)

: df).J"1
çr \p¿

PN"r

ê
-weffi

v-1

Nel and Npp6 are the number of p-p elastic and ppd events

detected in the ppK data runs ""0 ffi]", is the elastic
cross section measured in a separate exrreriment using con-

ventional techniques" €*" and Ç6 are the wire chamber
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vertex efficiencies for p-p elastic and ppf events res-

pectively. These were nearl}' equal and are discussed

later in Chapter VI. There were several systematic errors

that ha.d to be accounted for ln determining NeI" These

errors ere also discussed in Chapter VL The correction

for them is given by P,
The normalization constant is given by the

expression
Lel A() e *""Frã' ffiC¡r = dO- )rr a )"1

v-2

Since the ppÚ cross sections depend on the ratio Nootr/N"1,

they are determined relatlve to the p-p elastic 
"to"u

section. The terrns in CN that are lndependent of the pp$

runsl A<r) ¡ Lel and AÇI )are now considered.
\ dõ)er' ç¿ /
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w,"2
ds

MEASURmflEHT OF ãõ'l el

V'2rl Procedure ds)
Measurement of dã) 

", 
has been perforaed by

detecting p*P elastfc events in eo{ncidencee uslng a geo*

m€trlcal arrangement simlLar to Èhat used itt pp8 daËa

runsu The geometry of baffLes 82 |n Ffg" 2 !e such that

lf a proton from a p-p elastic event passes through the

slft p}aced et 4l+.?o to the beam behfnd the r@ar wLre

ehanber (See FLg,3(b))e then ft muet also be detected in

the lefb hodoeeope and countetr, In the $*l*1, **"=orement

Ëhe righË det,ect,or was co4pletely eovered wlth brasst

euf,ff ctentl,y thfck to stop 50 l{eV protonse exeept for the

dlagonal sl,ft,, Iñ eddttlonu a baffle wae pLaced lnslde

the sca8t@rLng chamber in sucb a mannetr ae to aLlow onLy

proÈons passlmg through the sLít ln the 82 baffles to enÈer

tï¡e right detector, Thusu on1-y neutrons and p-p eLastla

protons passfng through the dtagonal colllmator were de-

tected 1n t,he ecintllletion counter on the right. 0n Èhe

left sfdeu baffles were plaeed ln front of the detecËon at

emaLl angS.es &o reduee random rates' The diserimln&tors

were eeÈ to elfminaËs alaost all low energy neutrons

wlÈhouÈ elåmfnat'lng any p-p elsstfc evenÈe
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in order to keep both prompt and random backqrounds

Dleasurements were perforrned using three

ferenb collimatoFs--

(a) a circular 1.91 cm diameter collimator;

(b) a collimator nominatly 2 mm wide and 27'l+ mm

Iow"

dif-

long

as used during pp8 data collection;
(c) a similar collimator to the one j-n (U).

The total measured charge (-12000 nc for (b) and (c)) re-

sulted j-n 7IO4 net p-p elastic events j-n each of the three

measurements, Backgrounds due to true htrr np ancl pn coin-

cidences were determined by blocking off the left and right

detectors in turn and finalLy both üogether, and reoeating

the measurements"

The cross section was calculated using the

following formula,

dcr) =
ffi)er

cI cDt cC

Cfp GfC CpiS

Når v-3

Cl is a correctlon for the current integrator; COf is a

correction due to electronic dead-time; CC is â correction

for coincidence circuit lnefficienciesi Cfp is a correction

to the number of hydrogen atoms per "*3 due to effects of

temperature and pressure i CfC is a correctlon for the charge

collection efficiency of the Faraday cup; and %fS is a
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correction for events lost due to multipÌe-scattering in
the tungsten wires of the frcnt wire chambers" A summary

of al-l results 1s contained in Table l+,

V "2"2 Electrometer and Faraday Cup CalibraÈion

Charge measurement was made with a BfC llodel

1000 ele ct rometer . 
n' It was callbrated using a very accurate

voltage source and resistor to supnly a known current. The

average beam current was reeorded during an" ååì"1.*"""-
urement and the correction C, obtained from Table 5 s which

gives the results of the ealibration measu:rements"

The charge collection efficiency has not been

rneasured and only an estima.te of the loss drre to multiple-
scattering (in the entrance and exit foils and HZ eas) and

divergence of the incident beam has been made. The beam

shane used was tyoically 2 mm wide by 20 mm high, The beam

properties are sumnrarized in Table I in Sec, flf.1,1, The

Faraday Cup used had a diameter of 10 cfiy a depth of 40 em

and lts entrance was located 2L6 cm from the center of the

scattering chamber, The rorrì.so orojected width at the

Faraday Cup entrance of an initial spot bean at the center

of the scattering chamber has been estimated as å L,50 cm

when the above effects are considered" This results in a

total charge loss of O ,65o/;,

'k Brookhaven rnstruments corporation, Brookhaven, $trevu lork,
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Error in charge measurement due to loss of

secondary electrons also has not t,een measured, Sorne

measrlrements made at the University of ¡,1"ni¡o6¿77) in-
dicate that this effect is smallê

effect is added in quadrature to

measured cross section"

A Zlio error for this

the uncertainty in the

V "2"3 Solid Angle Calculations

The p-p elastic solid angle depends on the area

of the collimators used in the experirnentu and the distance

from the beam to the co1lir¡ators, Three colli-mator sizes

t¡Iere used during the elastic cross section measurements,

Their âreas hiere measured using a vernier caliper accurate

ûo 10 p. The distances from the beam to the exits of the

col-limabors have been measured from a scale drawing of the

spectrometer" Collimators II and III rnade an angle of 1'2,50

to the proton directions. The effective arees are therefore

redrrced by 2"47;, The nreasured values of all rrertinent
quantities and their uncertainties are given in Table l+"

V ,2 "l+ Reaction Length Determination

The observed I ength of hydrogen gas denends on

quantÍties: The r^¡idth (Vi¡ of the slit in the baffles
( See Fig" Z) ; the distance from the beam to ùhe

Lhree

at Bz
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collimator behind lhe right wj-re chamber (dI); and the dis-
üance from the beam to the slit in the baffles at 82 (dZ),

Distances dt and dZ are measured along lhe proton naths,

From a sinrple geometrical argument, the observed length of

target is
Lor = I,Y ' d1 V-4l¡'Iql

The denominator is independent of beam position, The results
are shown in Table l+.

V',2, J Dead-Time Correction

Dead-time effects in the fast electronics were

dominated b1' the discriminators used in the measurementu

The dead-time associated with each pulse was 1"2 ¡sec,
Correctj-ons were made for this by counting the number of
ouLput pulses from each of the two discriminators. Typical

corre ctions ( C¡t ) were *5{, .

V "2.6 Correction for H2 Gas Densj-ty

The å*ì^.., measurements are corrected lC.np) foru¡¿ / cI -t

the cleviation of the't? gas density in the scattering chamber

from STP conditions. The temperature was measured to i O"2oC

using a mercury thermometer mounted inside the sce.ttering

chamber. The HZ gas was at atnospherj-e pressure, which lra-s
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dø8eræÍned &hre@ gå@@s (eg åmt@rwale of I houre! ¡¡sång e

E@reury b&ro@@&@r@ The Èhnsc er@&suremen&e were nearly &he

Beme (wåtntn 0,7 mm), bub uneenôa$n&y Sn Ëhe gae pressur@

te esttwet@d *s * 1.5 em beeeuse of, the long È$.øe spen

between &@&aÌ¡ramen&Bø

V"2"7 MulttpLe-SeaÈterlng Correetåone

CIorreetåons due &o mult$pS.ø*øeatterf.ng (%S)

&tr@ emal} åxa øp*&e sf the fee& 6het @n@ pr@tom *n *2&lÃ øf

the ever¡8e h1&e a &ungeter¡ dro å¡a 8t¡e fron& w'i.re ehambere,

The polar angle resol.utlon f,or pnotone hittJ.ng wlree le
3"1øo, The upper eut*of,f ln bhe polør engLe for the LefÈ

hodoecops was &7,5@* For 0o}l"åmeÈor I thc polar ang&e

rang@ wee &&"?o t L,?&a, Ae e reeul.È, 3 * L$ of the p-p

ølaette eyente ersr@ noe& beeeuee 6he Lefe pnoton hLt the

baf,fle behi.nd the left wåre ehember (See FLg" 3(b))" The

poler angle rengss for 0oLl$.matore lI and III wero botþ¡

t+t+,f * 1,o9@" The loe& evenÊs agaln amounÈ to 3 t t%

of the p-p else&lc evenÈe,

ðq)V,2.8 üneerÈelnËy ån ffil*&

The uneer&a$nttee of eXL the Euent$S3.es ån

øque8fon V*3 havø beem øe8læeÈed, Tþ¡e gotal uneøntalnÈy

ln dq) åe obÈeÍned by eompoundång the trndtv*duaX errore
iffi)e}
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fn quadrature, A Zft error for posslbLe Losses of, secondary

clect,rons from Èhe Faraday Oup ls aleo added in quadrature,

The results are summarÍzed 1n Table lþ"

These uncertaÍnties ovenestlmate the error fn
the product $åìet tut Af) rn c* (Equation V-2), If
equatlon V-J le eubstituted lnto V*2s the effects of tu1

and AfI are cancelled" In addltion, the eornectlon %S 1"

connon to !ü"1 (fron the ppt data runs) and is also cancelled,

The uncertalnty ln the producÈ ffilul LutAf}. for pp8 cross

sectlon normalfzatlon purposes (Coll-imator II) 1e 2"7fi"

V.? "g Resulte

A erutsnary of the åËlul t.u"trement ie GoIt*

tained ln Tab1e 4, The nean neasured cross seetfon was

29,39 t 2"6% nb,/er, A value for t*2 MeVu extrapolated

fron the reeults contained in Ref,erences 7l+ and 75 u Íe

29"83 t l.Ofi mb/sr, The agreenent ls good'



CHAPTER VI

DATA COLLECTION

The pp8 data were collected in the sunmer of
L97O" During much of the next year the analysis procedures

were earefully opbimized, systematic errors identified and

elirninated if pos-slble, and i-nprovements in the experimental

procedures investi-gated.'t A total of 95Or000 events was

recorded on magnetic tape during ppf dttt runs and was col*

lected under a variety of experimental condition.s. Analysis

to identify the 5OO0 ppü events hras a lengthy nrocess, since

each individual- run was examined in detail for systematlc

errors ¿¡nd anornal-ies" In addition, several other sets of

data were collected and used to make various calibrations,
to test analysis procedures, and to esti-mate rrrompt back-

grounds in the ppd data" A summary of alt data collected is

,qiven in Table 6, The data-colleetion proceclrrres and a

description of the on-I1ne data analyses are oresented in
this chapter"

* fn Octoher L97Ls a sequel to this experiment was performed,
also at /+2 It{eV incident beam energy, Analysis of this new
data is not completed at present,
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vI,x oRïGI$ 0F wrRE c

The wire ehambere Brare ôriggered whenever the

scinÈiLletfon eotrnters detecËed bwo particl-es vrlthin 28 ns

of each other (prompt trlgger) or when the parülele ln the

left counter was detected 35 * 1l* ne after the one in the

rLght (random trlgger) " $lnce Èhe plastic selntiLlatore
ueed w€ne also good detectors of neuËrons, these colncL-

dencee could be between two probonse two neutrons or one

proton and one neutfonø

The relatlve frequeney of the poseJ.b1e types

of cofncldence silae Ínvestigated at varlous incident beam

Lntenslties. Some resuLts are show¡l fn Table 7 for proton

beem ÍnËeneitiee of I and 3 ÍÌ&, The uncertaint,les in com*

parfng to the nr¡mber of pp8 events, ar@ due only to E&&*

&letical @rrora ln the nunber of cou¡rts of each typen

A6 1 na beem intensftye the eoÍncldenee rate

1e abou& AÙ/sec whieh yleJ.ds *120 pp$ events/hour. A&

3 na bean ån&ensf&y, the coLncfdence raÈe fs ".110/eecs
yleS.dtng *350 pp$ evente/hour@ The obeerved rates are

reduced by Ëhe eompuÈer dead-tfme and wire chamber inef*
ficiencies, The random Ërfgger rate was "."l* tlmes Èhe

promp& rate at, &he av€rage bean current (*<3 ns) used fn
thq experimen& and ^'1200 wlre chamber &rlggers were needed

to detect f ppü evenþ,
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Table 7

Classification of Coincidences in PPf Runs

Tlie nrrr.rbcrs of ccincidences causecl by the varions eonbin-
ations of triggering i¡articles are summarized and connared
to the number of pp$ events,

Note: Particles are specified for the left anci right
hodoscopes'in the order lef t-rig'lrt.
p=protonr[=neutron

(a)

Tvpe

pp

pn

np

nn

I na Bearn

Ì'rcmpt
/!/"c
5 "39
) )l^
/-. ôL\/

r"57
)t)kêL-

Intensity
Random

# /nc llet

2 .3t 3 "01 t 0,41

l:84 o"trz ! o.zj
o,5g o.g8 ! o"2o

O"t+Z 1"80 t O.I2

Net:Ratio
to pirü_

J-t00 j 14

14t I
33 t t+

6ö t 4

Total:F.atio
to ppð

-t-

"qo 
1/,r,,_r / J-^f

r37" e

?2 t 7

gtr L

p-p
ela sLics 1.09

pp8 o,oj
TotaI L2"56

1.09

0 "03

7 .3) ! O,53 2t+4 ! L8 593 f 18

36!
I

36!
1

5 "23

(b)

Tvpe

Ì)p

pn

3 na Beam

Prolnpt
ll/""
o ¿:a)
./ . )v

5.66
a )'lr'o )J'

) r'rl
)olLþ

Intensity
Random

A ,ç.r .) t).)
Vo4!, ) okL

1."91+ C "72

L"77 0"5h

L "73 2.01

llet
f 0.60

t 0.33

t o"27

å 0"17

itlet : Ratio
to pp{_

LO7 t zo

2l+ t ff

TBt ?

(,7 t 6

Total- : Itatio
to i:p8

526 t 20

353 r' tr
L36 t 9

t82 a' 6

np

nn

¡' f'elastics I.09
pps c.o3

Total 22 "33

1.09

0.03

36!
I

i ?Át'r
/r

I
L4 "7? T "6L ! o.7g ?53 t 26 Lz3L ! z6
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VI "2 DhTA-TÄI(ING PROCEDURES

To ensure reliabil.ity of all data runs, a

stanclard set of data-taking procedures was followed to

provide checks for possible errors, equioment malfunctions

and changes in any of the impcrtant equipment cal-ibrations,

In the set-up stages of the experiment, before any pp8 data

accumulation was atÈempbed, aII equionent was checked and.

cal-ibrated" This included tuning of the fast electroni-cs,

testing the reliability of the wire chamber readout elec-

tronics, determination of the proÞer spar"king conditions

for the wire charnberso calibration of the beam positioning

device and setbing a.pproxÍmate photornultiplier voltages

for the scintillation counters"

A number of programs hrere used on the PDP-15

to check equipment and perform calibrations. The reader

is referred to References 39, 41 ehd 47*49. for more de-

tails on Lheir use and on the software system developed

for use on the PDP-15. The data-taking procedures before,

during and after data runs are described below"

Vf"2"l Pre-Run Checks

(a) The puJ-se heights

set Lo their desired values"

ensure that the pulse heiehts

for p-p elasbic events 'r¡¡ere

Special care I¡Ias taken to

from the top a.nd bottom
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photomultipliers of each counter were equali zed, since

this affected the upper energy cut-offs, This check was

repeated about every 2l+ hours or r.¡hen unaccentable photo-

multiplier drifts occurred"

(b) The chanber and vertex efficiencies were checked

and minor adjustments made in the sparking voltages to

maximize Lhe vertex efficiency" The pulse hei,ght spectra

were also checked to ensure that the soarking noise was

properly gated out" P-P elastic events and lol^¡ beam in-
tensiLy were used.

(c) The beam profile in the chamber was observed and

beam tuning parameters u¡ere adjusted if necessary.

VI.2 "2 I,Íid-Run Checks

(a) Pieasured parameters vrere continuou-*Iy observed

to monitor electronic drifts, the lateral position of the

beam and the vertical beam profile" Histograms produced

by tlre on-li-ne 360/65 program hrere used to check the quality

of fully processed data.

(b) Ðurin.q actual data-taking there b¡a.s no means of

rnonitoring the wire chamber efficiency in detail due to

linitations in the memory and basic speed of the PDP-15.

Accordingllr only a coarse estimate of the overall vertex

effj-ciency was provided by nrinting the number of events
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processed for every n buffers of events sent to the 36O

computer" Whenever this number became too large, data-

taking was halted and the causes of the observed ineffi-
ciency investigated. ft was possible to interrupt a run,

load different PDP-I5 Drograms, check cha.nbers and resume

the run where it left off.

VI,2,3 Post-Run Checks

Vüire chamber efficiencies and the overall

vertex effici.encies were routinely checked at the coñl-

pletion of each run, scalers recorded, beam tuning checked

and the PDP-I! and 360 run summaries checkecl for any

anonnali-es. Exanples of these sumnaries are given in

Sec" \¡I.3.
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vI,3 ot{-LInüE ooMpuTER ArüAI,TSIS

VI,3"1 Descrl@ Ana_lysig

The PDP*15 compuûer was used to start and stop

data-takf.nga pf,€øprocess events and provide feedbaek to

the experimenter" The nost frnportanÈ on-Line program used

on the PDP-15 ruas the VRTX programs whfeh is described ln
Ref ' l+7, The functÍon of the VRTX program vrae to record

the 111 words of wlre ehamber and ADC lnformation for each

event, decode the sparks to obtain their track coordinatee

and reJect undeslred events ln order to condense the voh¡me

of data, EvenÈs rejected included
(a) eyents where the partfcle tracks were uncorrelated

and dld ¡rot make axr acceptabLe ver&ex in the 22 cm long

reacûf on volurae;

(b) events produeed by neutral particlee; and

(c) events where there was insufficient or ambiguous

lnformatlon about the partlcle üracks"

ldo lnfornatio¡r for reJected events çras saved for further
processlng. For each event accepted at the PDP-15s only

lI words of fnformation were required for the subsequent

360 analysfs" These were the r@al-random flag (fdentl*

fy:ing the coincidence unit, cp or cR, causing the trtgger)s
two coordínatee for each of the four wÍre chambers and the
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two ADC valuee for the parbicle energies.

The PDP-I5 nade hisbograns of t,he vertical

vertex posltldn and the vertex error along the bean direc-

tion and dispÍäyed then on the oscilloscope. A set of six

hlstognams ret,urned from the 360 computer, after every buffer

of b5 verüex events vuas collected and transferred from the

PDP-15 to the )6Os could be dlsplayed on the oscj.Iloscope

1f desired" The VRTX progra¡n created a table, for each

data rune su¡rmarising the PDP-15 analysls, This indleated

how events were reJected in each wlre chanber and gave

lnfornation on the track combinaüions and charnber effi-
cfencles, Examples of these run sr¡nmarles are given in

Secn VI"3.3 "

VL,3 "2 On-Line AnalvslE-at the 360/65

The 36O/6f computer was used to perform a com-

plete statistlcal and ktnenoatlcal anslysls of each event

accepted by ühe PDP-I5. The usual on-lÍne progran used

was the KIN program which ls descri,bed 1n References l+7

and 81"

The Kfn progrs& produced s1¡( 5o*ehannel hísto-
grans that could be dlsplayed at the PDP-15 (ln place of

$he two prevfously mentfoned hÍstograns), These hisbograms

and thelr cons&rafnts were specÍfled at the pDp-15 at the
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ste.rt of each run and could be changed as Cesired" They

were very useful whil-e debugging and running the experiment

and often identified hardware faults or setun errors.

During the ppt experiment, some of the histograms observed

included the X2 distribution*.. (explained later) for pronpt

and random pp8 events, the lateral beam positj-on for p-p

elastic events, the distribution of events ãlong the beain

cìirection arrd the missing energy (Eo-EL-ER) for random

events.

The KIN orogram also used the Þ-Þ elastic

cali bration events to update the detector ÞHl.'-energy cal-
j.bration ccnstants every few minutes.

All pre-processed daLa was recorded on rnagnetic

tape f'or future analysis and processing. A run summary

containlng the numbers and types of event*s collected (Anf ,

D(pr2p)n, calibration elastics) was produced and sent to

the PDP-II computer after ea.ch data run. An ex¿lmp1e is
given in Tab1e 8" AIl iinportant steps in the run vlere also

recorr'led on the 360/65 line orinter--the.time data-takine

cominenced , what histograrns were specified, changes in l,he

energy ca] ibrat'on constants, run constants, t,he times at

v¡hich interruptions 1n the run occurred and the ti¡ne that

data-taking was stopDed, The KfN program could process

E0 events,/sec ancl record -80000 fully-processed events on

â 2400 ft naeneti-c tape.
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Table I

S¡¡nmarv of a PP8 Data Run Returned from
the 16O76S Conputør to the PDP*15 Computer

Good PDP-15
Vertex Bad ADC Randoms Reals
7t+L?,L O 113t'1 62790

f nlastfe # pp[ Real # pp8 Rand fl l{et pp8
L379L 5o7 75 t+32

# Dz Real # Dz Rand # ¿nure f Deut F{et
1588 28t+ o 130¿+

Kt ae }"Or+L m &E O "996
No, of times sLopes adJusted Ga 59

Length of Run 3'5 hours
Bean lntensity I ne

KL and KR gfve tho ratlo of the p-p elsstfc pr¡lse heights
to thefr desired values, The nDZn events are D(p¡Zp)n
evantga
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VI.3"3 Resulte of PDP-I-5 Analvsis

ïn this section some operatlng charaeterlstics
of the wlre chambers are discussed, The reJectron effi-
ciency for neut¡g¡*proton and neutron-neutron coincidences

ls consi.dered and possible systenratÍc errors due to events

belng misinterpreted by the PDP-15 conputer are estímated,

ïn Tabi-e 9s e run summary from the VRTX progrem

for p-p elastic events at j na beam intensity is presented"

some explanatlon of the table is necessaryu rn orincipleu
u¡lth three planes it ls possible to resolve any nunber of
particle tracks, However, because of the software corn-

plexlty lnvorved, events with more than two particre tracks
þtere rejected" rn the vRTx progran alJ. eombinations of
spark coordinates in the horizontaJ., vertical and diagonal
planee were tested to see if they intersected at a co¡nmon

polnÈ (such a combinatlon was called a set of consistent
coordinates and is abbrevlated by c00RD tn the table) " De-

pending on the number of tracks detected in a ehanber (0,

1 or 2) s and lnformatlon lost due to w'ire chamber ineffi-
clencies, there courd be 0u I or z consistent coordinates.
very rarelyu urhen two tracks passed very crose to each

other, there couLd appear to be more than z coordinates,
Events of this type were laberled as ntoo ambiguousn and
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re jected " l,Jhen the total number of consistent coorcli-nates

in the fotrr wire chambers was greater than six the event

was too conplex for analysi*., The Y and Z vertex errcrs

deterrnined from the reconstructed tracks were restricted

to be less than 2"5 cm and 5 em respectively. In Table 9t

the chambcrs were not triggered on the random coinCj.dences o

A similar number are presumecl to have occurred in the promTrt

coincidences. These (17 t 4) events are assumed not to nlake

a vertex when calcul-ating vertex efficiencies. (In Table lO,

which follolvs later, the wire chambers were snarked on these

ranclom coincidences.) The effects of chamber inefficiencies

are determined by ob¡ervation of the ilReiectrt eolunns, while

the nresence of multiple sparks is indicated by the columns

with tt7 trackslr or n 72 trackstt. The number of eomplete

misses in any chamber is snal-l, The events that do not make

a vertex have several origi.ns. They result
(a) from random events with uncorrelated oarticle

tracks;

(b) r,vhen a spark due to a $-ray or a second proton

robs bhe track of intere-et in one or more chanbers;

(c) v¡hen cne of the elastic protons hits a tungsten

wire in the front channbers and is badty sce.ttered. (For

thc exa:nple shown this occurs only *L7¿ of the tinle, )
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Ae esn be seen from Table Iø &he overaLl. v@F-

8ex eff,f eå.ency for thls per&f.euLar n¡n &t 3 n& eÍ&s ^.86f,

ef&er correctlon for nandom trfggers, Âbout 5fi of the tJ.me,

the elastle proton track hae bcen nobbed by an extre epark

fn a& Leaet one of the ehenbene and the eysten wes unabLe

to make an aeceptable vertex, Evente of thLs nåture &re

sinllar to random events so far as the vertex crfterla is
concerned, exeept that they are probabLy Leee llkely to
meke & good ventex beeause re}atfvely few of the 6-rays

and extra protons come fnom Èhe sema rcgS.on of the target
volune as p-p elastfe events,

A typlcaJ. pp$ run surnmery fs gi.ven fn Table 10"

The complete ¡nfeees !úer@ due primarfly &o events where oR€

or both of the trfggering partleles wes a neutron, The

fractlon of events wLth mu3.tfpLe &racks (natfo of evenËs

fn Èhe w2 &nacksm eol,umne to &he evente proeessed ln eaeh

chamber) was about 10$ tn ttre front ehembere end ,o, jfi Ln

the rear chambere, thte atrso s"epr,Bgente en estfnate of
Èhe fnaeüfon of neutral pertfclee that &re &ceompanfed by

& eharged pert{eL@u neeul8fng l.n a de&eetable Sraek. In
the &otel of ?920t+ evente theÈ pees the eoarse PDP-15 vêr"-

&ex constnatn&e ln thle daËa rune sn epproxlmate breakdown

(efmilar to that Ln Table S) wouLd lndl.eate theg 1I+O0O were
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due to calibration and other p-p elastic events, 15000

vrere due to (Cp and Cn) random events, 150 were pp8 events

and 300 were D(pr2p)n events. At 3 na beam intensity,

typical sparking rates u¡ere 50/sec. 0f these, I0 triggers

!{ere car¡serì by p-p elastic events and 40 by random coin-

cidences. A data buffer of l+5 events i^Ias usually filled
abouteveryS-7 seeonds, 

.

The fractions of pp¡ nP and

during ppf runs were discussed earlier.
misinteroreted by the PDP-I5 beca.use of

nn coincidences

Some events were

extra proton or

6-r"y tracks and passed the coarse vertex cuts' Coinci-

dences v¡here a neutron was one of the triggering narticles
present the 6reatest problem. The number of misinterpreted

events is probably comparable to the total nunber of pp8

events" Vertex criteria reject about 9Ol" of these events.

A conservative estimate of the resulting background in the

ppð A"t" is - 3 "5% after all baekground rejection criteria
have been applied. This is summarized in Tab1e 11,
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Table l1
Effect of l,iultiple Tracks

Below is a tally of net prompt events that are misinterpreted
because spurious tracks rob the track of interest or próvide
a spark when a neutral particle passes through the chamber.

Ratio to pÐL
Fraction after vertex*

pp evenLs affected

np and pn events affect,ed

nn events affected

calibration elastics affected

RejecÈion of events on an energy basis

pp events

np + nn * pn events

calibration eLasLics

Net background in ppt regions

51å

5%

rf,
8,C,..

o"5

o.2

0,06

o"2

Net Ratio
to ppt

0.003

0 "03

0.002

3.57;

997"

9oTi,

gg'l;

* Refer Èo coLumn ti.tled
Âssune 9OlÃ of affected
crfteria 

"

tîNet:Ratlo to pp$n in Table T "eventa are reJected by vertex



CHAPT'ER VII

DATA REDUCTION

The ppf data accu-'nula!ed included oÞt events,

D(pr2p)n events on the natural deurterium contaninant in

HZ Bâs¡ (pr2p) and similar reactions on other inourities

in the target Bâs¡ calibration p-p elastic and other p-p

ela.stic events that had undergone differing amounts of

nnultiple-scattering and l^Iere detected in spite of the geo-

metrical obsirt.rction-c intended to eliminate thern. In
addition, random event,s from different beam bursts þIêrê

collected sirnultaneorrsly r,vith the prompt events in order to

provide accuraLe random background esti-r,tates.

The conputer analysis of t"his date corresponded

to imposing constraints equivalent to those provided by

hardware in previous exneriments, For exanple, vertex

error and position restrictions had the same effect as

coliimators, baffles or târget containers that define the

reaction volune; energy constraints were like discriminator

cut-offs; and, angular binning üook the lrlace o-f defining

slits or counters used in olher experiments. Computer

cuts haC e distinct advantage in that they producecl no

multinle-scattering or energy degraded nrotons and the

energy and angle cut-offs vlere sharp and knou,'n orecisely.
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In this sense computer applied constreints blere betber

than physical consLraints. The statistical $2) analysis'l'

performed to reject background and choose the np8 events

was a useful analysis tool" The l'ejection ôr acceptance

of events by a well-defined statistical method uras pref-

erable to the somelvhat arbitrary procedure of only counting

events in some region of an EI-ER ploLc

The hardware constraints imposed on the present

data were necessarily loose because of the laree kinemat-

ical range observed. The possibility of undetected *eys-

ternatj-c errors causing rejection of ppd events I^Ias there-

fore reduced v¡hen compared f,o other experiirents" Further-

more, Lhe extra informaLion calculated for each event

allowed problems to be traced back tc their ori-gin, under-

stood and, i-n many cases, eliminated,

There are three basic methods by i¿hich back-

Vertex errorsgrounds were separated from the ppd events,

were used to eliminate 95o¡a of all random events and nost

rnrrltiple-scattered p-p elastic events as well-" Vertex

/t In the experiment, six variables (El, ER, OL, gRr 4¡ ancl
*l¿) were ¡neasureá. Only five variäbles l^rere necessary
to--completely describe each event sj-nce there are four
energy-momentum eonservation relations" Thig extra var-
j-ablã-allowed a. goodness-of-fit pararneter (X2) to be ca}-
culated for each event, whlch was used to reject back-
ground. This is described later in this Chaoter.
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posltlona were used to ellmlnate some random events since

there are concentrations of these events in reglons near

the upstrean and downstream baffLes, Undesired p-p elastic
events could elso be reJected since they came from a very

restricüed region of the gas target, Finallyu large

fractlons of both random and pronpt baekground events were

elfmlnated by uslng a N2 analysls which also allowed good

estlnates of unreJected prompt backgrounds to be made"

The data reductl.on procedures are nour discussed in more

detall 
"
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VEIiTEX CONSIDERATIONS

VII"1"1 Vertex Error Adjustments

The widths of the vertex error distributions
depended on the particle energies, polar angles and origin
in the tar¡5et (See Sec. III.2"9 and Appendix D), It was

desirable to accept events according to a statistically
well-defined prescription. For exanole, events r^¡ith ver-

tex errors 6reater than 3 standard deviations from their
expected values could be rejectecl. This would require

variabfe limits to be applied on the allowed ve::tex errorso

In practice, it v¡ould have been much easier to apply con-

sLant vertex cuts for all- the data independent of the gec-

rnetrlc and kinematic Þaraneters, but this would have re-
sulted in a systematic variation in the fraction of events

reJected, dependi-ng on these paremeters. To eliminate

this problem, the values of the vertex errors were adjusted
(nVZ and DVY) so that all events had Lhe same statistical
distribution as the calibration p-p el-astic events, The

correction factors used are derived in Appendix D" The

effect of the vertex error adjustment is demonstrated in
Fig, 23 where the }{!iHl,lts of the original and adjusted 1¡€r-

tex errors for D(pr2p)n events are shown as a function of
bhe ooeni-ng angle between the protons. Simil_er results
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were obtained for the pp$ data (but with larger uncertainties

since the number of events was smaller),

VII.1"2 Vertex Error Limits

The choice of the vertex error limits repre-

sented a trade-off between maxi-mum rejection of random

events and minimum lo-os of good pp$ event-e. The Z-vertex

error l-imits r^rere chosen so that the increase in lost f,p8

events for a l mm shift in the beam was <21i. The I rnm

beam shift corresponded to a 0,3 standard deviation shift
in the Z-vertex error, Consideration was also macle for
those events where one of the protons hit a v¡ire in a

front chamber, The limits chosen were t ?"5 mm and

t 12 mm for the Y and Z adjusted vertex errors respectively,

These corresponded to approximately 4C for events not

hitti.ng any wi-res and - l$ for events where one proton

passed through a tungsten wire,

VII,1"3 Vertex Acceptance

In spite of the adjustment of vertex errors,

systematic errors due to vertex cuts were not comnletely

eliminated. The vertex limits used at the PDP-15 (on the

unadjusted vertex errors) were sufficiently wide that all
events l^¡hich would have been acceoted in the subsequent
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$O/6f analysls wer@ retaLned, Reference 8o the vertex

error dletribuÈion shorøn ln Fig, 1"5 shows thaË the only

events rejecüed by the vertex cuts hit tungsten wires ln
the front chambere. Howeveru sone pp$ 

"vents 
also hft

these v¡"ires and are s$ll-l aecepted by all reJectlon eri-
teria, SÍnce the adJustment of the vertex errors ln the

KIII progran only partfally conpensated for multiple-

scattering Ín the tungsten wiresu there þras å varfatlon

Ín the fractLon of pp8 events detected deponding on the

partfc1e energlesu In order to evaluate these systematic

errorse sers of He4(puzplPi u Hrlt(þs}p)cl¡ and D(ps2pln

data as well- as Èhe pp$ data tdere analyzed and the total
fractlon of events eltmlnated by vertex cuts estfnated"

The syst,ematle error due to varfatlon ln the

vertex error acceptance for pp$ events was deÈermined

relatåve tø i+2 MeV p*p el.astfc events at t+5ø to the beam,

since the pp8 cross eectlone were norrmalløed to these

eyents, The total fractLon of events Lost ¡cae obtaLned by

corupoundlng the effects of the Y and Z vertex errors' Cal-

culati.ons of this error from the equatlons used 1n the

vertex emor adJusÈme:nte end the nultiple-seaÈtering ln
Èungsten w'lnes *ndlcate that ft varfed from æ75 for
l8o * 18" pp$ events to *5l& for 38o ^ 3l*@ events, Thie
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was verified by observatlon of Lhe pp$ events except that

statistical fluctuations (typlcalty ! 4ii) were larger than

the variation with polar an651es. For this reason an

averaF:e value of 6 t tl; is used to compensate for l-ost ppð

events. The 1/í error was based on the estimated vari-ation

over the polar angle range observed.

VII .l-"4 Vertex Position

The Lr,vo baffles along the bea¡n were possible

sources of prompt and randon backgrounds. The np8 drta

has been restricted to a region which excludes the baffles

at 82 in the dor^¡nstream portlon of the scatbering chamber"

The BI baffles were included in the allowed reacbion

voltrme eince analysis of vertex distributions indicated

thaL a tolereble j-ncrease in random backgrounds resulted"
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STATISTICAL ANALÏSTS

Deflnition of X2

Each pp$ event detecüed vras once over-determined

since five physically slgníficant varlables vrere measured

(El, Eg, 6L, 0¡r Þ")" this allowed a goodness-of-fit

parameüer 1X2) with one degree of freedom to be used to
reject background, The quantity that was chosen for com-

parlson to a known value was the total energy of the sys-

te¡n in the final state as calculated from momentum con-

servation. the definition of T2 given by

xz = (Er - Er)2-Zt7-
is at best a first order approximation to the rigorous X2

for one degree of freedom, and has been discussed in detail
elsewher.47r76't . The urcertainty (Ah) ln the final state

energy Ep was deterrnined by conpounding the expected errors*

of all the measured parametersl+7). An eror in E, of t600 keV

¡ras lncluded to allow for beam energy changes and detector

callbration errors.

Vf,L.2,2 Svstematic Errors Due to X2 Cuts

The X2 deüermined was only an approxination as

were the estimates of the uncertaÍnties in the measured

parameters. The X2 cut in the ppü data *"s chosen to be

* Th" error esüimates used in the X2 analysis were HUHA{ values
(UUnnn '= I.17O). This allowed for uncertainties in estl-
nating resoluüions and reduced the danger of rejecting good
ppü eients"

VII-1
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5 "t+L?,, For e råg@r@us XA parame&ere &!r1s woul-d correspond

to reJectlon of Zfo of alL @vente!" The fraetíon of evente

reJecËed by the X2 euË was lnvestfgated in eeveral ways"

The X2 dieËributfons for l+2 and 2l+ MeY p-p eLastic events,

D(ps2pln evente and for pp8 events with random backgrounds

eubtracÈed arø ehown ln Fig, 2l+.

lm parts (a) and (b)o for the p-p el.as&I.e events,

&he verË@x @rror lLmfts w'ere noÈ eomparabl.e " The aLLowed

vertex ennore ln (a) werø Ëhe same &s ln the pp8 Aata anaL-

yste, whlLe ln (b) they w@re somewhat emall-er and a Xarger

fracÈlon of evcnts w&E reJected (matnly events hÍttlng the

&r¡nggËen wlree). This {,ndLeetee Èhe effect of elfmfnatlng

evente ttrat hlt the w"Lres " The X2 dl.strLbu&lons for ll2 and

2r+ &teV p-p eJ.aette even&e, ¡¡nrestrieted on theLr ver&ex

@rrorae &re n@ry sÍmll,ar 8o eaeh other*

The bar hlstogram ln (d) r@presents all net

promp& evenËs Lr¡ Èhe ppt data with X2-( 50, The surpluø

of events i.n Èhe ËaiX of the X2 dtetrlbutlon 1s obvloue

and 1s matnly due Ëo D(ps2p)n events and (przp) reacÈi.ons

on other eon&amfnanÈe lm the 1fl2 g&sø The dots represen&

the X? dfetnfbutlon for pp$ e*ente wiËh the estfmated

baekground etrbtreeted 
"

The proeedure ueed to subtrae& this baekground
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y? distribution of events for several different reaetions'
(a) P-P elastic events at 42 itie\r bearn energyo
(b) P-P elastic events at 24 IieV beem energy.
(e) D(p,2p)n events at l',2 i,Le\l beam energyô
(ct) PFS events at l¡2 liÌeV beam energy.

R.rndon backgrounds are srrbtracted. fn (d) the bar histo-
gren incl.udes the effeets of a}l prompt contarninant*e. The
rlot,s show the distribution with the estimated baekgrotrnds
subtreeted. The smooth curve in each part is the expeeted
Y¿ distribution for one Cegree of^freedom normalized to
the total number of events with X¿..( 5,
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vras quite st,raightforward" Using the set of D(pr2p)n

data ín (c) the dlstribution ln X2 when anaì-yzed u" ppð

was determined. This dlstribution was scaled according

to the number of D(pr2p)n events, which are easily lden-

tified on the basls of their energi-es, in the po$ dat",

and subtracted from the bar histogram in (d) " This left
a1f prompt background not due to D(pr2p)n events, It v¡as

then assumed that no ppt events would have ¡2V l¡0. All
events in the region 40 .( X2 .( 50 were assurned to be due

to (pr2p) reactions on Nl&. The X2 distrlbution for a set

of data taken with N2 gas in the gas celI, and analy¿sd sg

pp8, was then scaled and subtracted ín a similar manner as

for the D(pr2p)n events, This yielded an estinated back-

ground of 14 t 3f" in the ppt data with X2 ç 5.t+lr2. It is
estimated that l+ t Z% of the pp$ events have y2| 5"t+]..2.

The error is due mainly to uncertainty in the background

subtraction" Points in (d) are not shown for X2 Þc 30 be-

cause of large statistical errors in the individual points,
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PP8 EVENT VERIFICATTON

I(lnematic Consideratlons

The kinematics of pp6 events is such that for
a given non*coÞIanarity the events must lie on an ellip-
tical closed crrrve in the EL- E¡ p1ane. This r?ellipserr

shrÍnks to a point in the llmit as the maximum possÍbLe

non-coplanarlty is reached, A number of representative

ppð i-ocl and kfnematic locl for some contaminant (pr2p)

rea.ctions are shown in Appendix B" Because of finite
energ1' and angular resolution, the events do not lie pre:

cisely on the exnected loci" The y2 statisticaL test was

used to select those events that are sufficiently close

to their oroDer locl,

VTI "3 "2 lg,gÊgted Events

EL * ER scatter plots of the pp$ data provide

striking visual verlficatlon of the existence of pp$ events.

The pp8 data have been separated into a nunber of polar

angle bins (described earlfer in Chapter IV), Thr:ee rep-

resentative polar angle. bins are shown , 3l+o-260 o 22o-22o

and 3Oo-3Oo 1n fÍg:, 25u 26, and 27 respectivelyu In pari
(a) of each fip;ure, the data were constrained only on good

vertexu and random events have been subtracted" fn (b) the
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w1th nendons subtracted,
with randons subtracted"
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proton polar angles of 30o-30o" The Lower densfty in the
center of the eluster of potnt,e Le apparenÈ.
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random contnåbutfon eubÈraeted from (a) le ehorøn, The

clusberfng of evente in par& (a) of, øaeh ffgure ie nean

Èhe approprfa&e ppf Loeus for Èhe poJ.ar angles considered,

The neÈ ovcntE, after the XA euê wae appltøds are shovm

ln (c)ø whlle the reJected prompt ewents ane ehot*n f.n part

(d), The band due to D(pr2p)n evente fron the DZ contam-

ínatlon in the H2 gas fs prominent. The klnematle loel
for D(pezplsr enents sre nearly independent of the polar

angles a¡ld do not appear to move in Èhe flgures showno

The lncreaee ln &he number of random events a& smalL angles

ts tndlcated by the dffference ln the denefÈles of polnts

tn par& (b) of eaeh figure. The effect, of Èhe energy eut-

sf'fs ls se@n ln aLl of the figunes, For the 3Oo* 3Oo

anguJ-ar bi.nu the events heve been restrícted to have Íro!!-

eopLanarltLes < 0"5 of the,maximu.m ellowed kl.nematLeaLly"

The decreaeed denei&y ån the eenter of the eLuster of even$s

Ls evtden&" These ploÈs, coupled w'ith the sÈrlklng XZ peak

ln Flg, 2d+{d) s }eave Lå8tle doub& as to the nature of the

eventg detected.
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Wt¡lLø random øvents preeen&ed the largest baek-

ground tn the pp8 experimen6, lt was the easLeet one &o

eorreet, for" &urfng da6a*8aki.n8s random @vents wtth p&r-

t,1e}øe from two eueeesetrve beam bursts war@ reeorded at

&he a&ee tlme as promp& events (See Ffg" & and See" IIf'l'31 '
Thue t,he nandom daËa and ppd data ware col}ecüed and errlâ-

lyued under nearJ.y lden&'lce.X experlmen$al condi&lo¡¡s" The

eontråbutfon d¡¡e 8o random events Ín the angelar bÍne eofl-

el.dered ås suffiarløed $.n Table 13'

VII"¿s"2 FrsmpÈ Baekerounde

Foeetble prempt background sourcee Íncluded

(a) p-d olaetÍe eeatÈering;

(b) p*p eJ.eståe events thet undement Large engl-e

eeetËerfng Ín the fnont ¡slre ehambers or 50 Pe Myl,ar fofl
parallel t,o &he bøaø;

(c) (pr2p) r (pupd) s (prpÈ) or breakup reactlons on

eonÊamlnan&s ån Ëhe Ìrydrogen ges;

(d) pnompt evenbs du.e to p-p elestleu np or nn eol'n-

cådeneee theÈ w@r8 mi.sfn&erpret,ed aË t,he PDP-15 leYel due

to spurf.oars traeks ($cæ See" VI"3 "31 "

Im erdøn to Írtveetfga&e the origfn of thø

proep& backgrerersd Ln the ppt deËa e @v@R&E thaË had
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N2 7¿ 5,t+LZ have been examined. An example of a Scatter

plot and a single histogran of the missing energy are

given in Fig. 28(a & b). Very restrictive vertex errors

( 6 f standard deviation) have been used in these narticular

plots to elininate multiple-scattered events and make iden-

tification of gas contaminants possible, PP$ events lvith

XZ values less than 2 were also eliminated. The doninant

band is Cue to t,he D(pr2p)n reaction, The structure of

the events in the missing energy plot is similar to one

ohtained ciuring investigations with lt2 gas or air as the

targeüo Some of the pronpt events could be (nr2p) re-

acllons on 016 of He&"

The correction for all prompt backgrounds bas

been done by analyzingu rs pp$ eventsu sets of data taken

with D2 or N2 gas in the scattering charnber' It was found

that consideration of onl¡r these two contaminants repre-

sented the possible backgrounds very v¡el-I' Elastic p-d

scattering cannot be seen because of the energy ühresholds

of the system and multiple-scattered elastic events are

similar to deuterium breakup events" The correction pro-

cedure is now explained,
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VII,Iþ"3 CorrecNion Procedure

The pp$ d"t" was taken using commerci-al

grade HZ gas which contained an estimated impurity of

^"400 500 ppm of air, This resulted ln an average

promot background of nvl5/" in the pp$ data" The X2

analysis procedure was used to estimate this backqround"

Sets of data lr'ith DZ, N2, Alr or H2 gas tarigets and the

for each of the fol-

a- 0

Q = -2 "226 l,',eY

I = -7.51, IleV

Q : -12'17 luiev

Q = '15.94 lleV

Q = -19 " 
86 ltfev

i,Íonte Carlo pp$ dttu \.rere processed off-line on the 36O/6f

computer and a YZ value calculated

lovring reactlon hypotheses

(a) p+p -Þp+p+d
(b) p+02 @ p+p+n
(c) p+tI14+,p+p+ç13
(d) P+Ot6 + P*P+n15
(e) p + 612 -Þ p + p + sll
(f) p+He4--ep+p+13

Reactj-ons (b) (f) span the full energy

range for po$ events, The more negatlve Q values corre-

spond to pp6 events with smaller polar angles. The sj-x

X2 values cal-culated were surnrnarized i-n a table (matrix)

for each set of data mentioned above. The summaries for
the I'lonte Carlo nfakett pp6 data, the actual pp$ data and

t,he data v¡it,h an N2 gas target are contained in Tables

t2(a), 12(b) and 1Z(c) respectively.
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Table L2

Distribution of Net Real Events According to Hypothesis

(a) irionte Carlo ppð events Total : 22788 events

(6)
2t+67

0
0
0I

I3

(2) (3) (4)
l. ?L6 536t+000
043
0329
0016
000

(5)
9L53

0
0

16
36I

(r)
IO
I

7L6
536t+
91.53
2t+67

,2 13)
2

(r)
)n r^ Ql2p)c:2 (3)
2p )N*? (lu)
zÞ ) n*'' (i)
Zo)P (6)[Iä[l:

xz for 5 'l+L?.
(L04.,5) Í,5rÇ')

335L ]-l.26
(r¿3å4)reactions (f

(b ) ppd oa t,a Total = 14311* events

(6)
618

0
0
0

55
t+38

(5)
I5t'"8

o
0

r49
302

55

(L o5 16)
287

p;rd (r )

3t?[i:ïïlilil [Í]
He'l ( o-,ap)P (6 )

x2 for reactions

(1)
l+' 
l¡,

255
r273
r548

618

1t rz 13)I

(2)
l+

t693
17l+2

-1
0
g

(l ,3,4)
136

(3)
255

17t+2
3t6
78

0
0

(4)
r?.73

-1
78

639
r49

0

(1 ,4r5)
775

5.lr1-2

(1)
)n (2)
2p)c!l (3)
2p )N+? ( /' )2p)81' (5)
Zp)tt (6)

;r¡,8

üiiii
Hea (¡r,

xz for

(c ) Î{e gas data

reacLions (f

Total = L5586 events

(1)
0
0

55
329

J.2l+I
500

,2 e3)
o

(3)
55

1861
3LL5

43b
0
0

(4)
329

0
l+31+

L772
L267

o

(2

h.
TB6

(1,3,4) (LrLr5) (1r5,6)
23 56?. 3t+7

)
0
2
1
0
0
0

(5) 6)Lzt+L 5C000
00

l267 o
2593 289289 rr¡6

5.hrz
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The rows and colÌrmns of each table corresDond

to the reaction hypothe-.is indicated" The number of events

that have X2( 5.4L2 for one reaetion only apoear along the

diagonal of the tables " Off-diagonal elements conta.in

tallies of events that have X2 < 5,1Ã2 for the two corr€s*

ponding reactions. Events that hrere arnbiguous between

three reactions (three of the six .l(2 valued were S 5, t+Lz)

vûere counted separa.tely,

Table tZ(a) for the }ionte Carlo events shows

that almosL a1l- pp$ events Ï¡ere ambiguous with at least

one of Lhe other reactions. Only a few events (*0.5/")

did not have X2 { 5"412 for the pp{ nypothesis because of

the effects of angular and energy resolutions' The ex-

pected fraction of ppt events of this type in the actual

pp8 aata was about 4o/," Table 12(b), for the dlstribution
of X,2 valu.es for the actual po$ data, indicates that a

significant number of events were not due to the ppü ""-
action, but probably arose from reactions on contaminants

in the H2 gas. Table LZ(") shows the results for the $it

gas data which all-owed the fraction of contaminant events

that appear similar to pp$ to b" estimated" (A similar

bable for the D2 data was used.) The events

(A similar
distinguished

fronr ppü in Table 12(b) coutd then be used to estimate the

the background in the pp6 data,
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The procedure adonted for correction of

prompt backgrounds i.n the pp$ drt" (which \^Iere separated

into the angular bins describeC in Chapter IV) was based

on the following:
(a) Observation of prompt events in the pp$ Att"

that were not pp6 events showed that derrterium bi:eak-up

was the majcr contaninant and that the rernaininq events

could be reasonably assumed to have arisen from reactions

on niLrogen contanninants in the H2 gâs.

(b) The DZ and ll2 gas data aÌIorved the fractions

of possible contaninant events that anpeared sinllar to

pp6 (x2 ( 5 "4rz) to be deterrnined.

these data sets were very similar
the pp6 Cata, the sane fractj-ons of the contaminant

events in the pnd a"tu should have had X2.( 5.blZ for the

ppü reaction hypothesis.

(c) T'he nurnber of events in the three data sets

(NZ gas¡ D) gas and H2 gas targets) that were statis-
tically distingrrishecl from pp8 (X2 > fO) orovided the

proper normalization for estimation of the background.

Very ferv true pp$ e.r"nts had X2 > tO and therefore did

not affect the back¡lround norrnalization (-cee Fig" 2l+(d)),

Since the events in

to the back.qround in

Si-nce the pp8 data provlCed the estj-mate of the total
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&umber of conbamlnanÈ ev@nÈs the& oceurred and the othen

daÈa eet,e onLy isrdi"ca&ed Ëhe fractlons of theee events
A

thaÈ had X¿-( 5.t+L?,8 the eomeetlons ob&alned were trela*

&ÍveJ.y fneeneL&fve t,o mlnor @ 2Oøl dlfferenees betw,een

Ëhe distrfbutfone of eyente ln the threo sets of data"

The number of prompË baekground events for
each angunar bin was estinated uslng the follow$"ng

squetfon"

NB aB .r- AppB , Hnon*pp$
anon*pp$

VItr-2

wï¡ere Nn.n*pp6 and Arorr*ppð were the ¡¡umbers of events

wLth X2 > 10 fn &he pp$ and baekground dåts (D2 or t{2 ges

Ëergets) reepectlvely" Åpp6 s{ae the nunber of contam*

lnsnt event,s Shat appeared sfml,lar t,o ppÚ events

(X2.-< 5^t+L?) tn the D2 or $12 gas data" The netfo

Nnon-pp6/Ânon-pp$ determf¡roe what proportLon of AppS

eorresponded Èo the actual baekgrorrrnd,

Thø eorrection due to contamlnatfon by

D(F¡2p)¡¡ events was emaLl in aXl angu}ar negfons, When

botlr potrax" angl-es w'etre Þ3Oo 1t ruas Ëypíca],Ly *2%" Baek*

ground corree&lons not due to deuterj.um w@re abou& L5ø"

Background eorr@eöfome determfned r.lstng data sete wÍth ntz

ges or atr t,ange&s were yery elmLlar a¡¡d no sys&ematfe
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difference could be detected " Since the NZ data had better

st¿rtistics, it was utsed for the corrections.

The statistical uncertainties in these cor-

rections vrere large ( ! 251;) " Íìystematic errors due to

the procedure adorrted are believed to be small- ccrnpared

to the statistical uncertainty. The results of all back-

ground corrections are su¡nmarized in Table 13.

VII.4"4 Determination "f llppf

The cross sections to be calculated are Ðro-

nortional to the nunber of pp8 events corï.ected for
random and orompt backgrounds.

Let P denote prompt events and R random

events " Tlren

P r¡andR'nonô "non8 are promoL and ranclom

daLa
\¡II-3

data

data

data
VII-4

VII* 5

events in tÌre pp$

AppS :

Âunnon-pp0
R*unon

RN'on

Nnon-ppü : Pnon$ - Rr,on8

gas

gas

D
¿̂

N2

Dz

N^

po

þ*

fo,,o,.
Itolnort

Rp

RN

for
:

for

for

for
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Table 13

Summary of PPS Data

9r,-8R ll Rea]. %
Contam

f Contam
Events

28
69
29
7L
23
L7

7
l+

53
38
70

2
0

L9
9

L5
3

/+1
L5
18
26

7
25
10

5
0
l+

5
L3

5
7A

705

Net
Events

18r
161
L9l,.
270

93
7I
5l+
I5

247
209
26L

9
0

L96
79
57
L5

27 h.
L67
232
L72

69
L95
ro2
l.32
-l-
26

r.18
168
144

_ 380

t+303

18-18
22*LB
r8-2?
22-22
26-r8
t8-26
3o-1.8
1g-30
26-22
22-26
26*26
3¿+*18
18-34
30-22
22-)O
3t+*22
22*34
30^26
26-3o
30-30
34-26
26-34
3t+*3O
30-3t+
3h.^34
38-18
38-22
38*26
38-30
38-34 *
Other o

To&als

306
298
3ro
I+41+

161
II8

73
20

385
298
39L

L3
o

261+
95
81
L9

337
r90
262
2L3
77

226
LLz
L37

0
3o

L26
182
Ll+9
798

611-5

L3f4
4t2
7t33tzrc t r

=_¿_-_--___z

Lr+*3

ût'730t7ltt6
2T ú 520*z
Lgt6
1rt5
2LttO
18 15
vt4
2r t 5
22 i ltr

9t)10t¿
2r t 5ut813t3
9t37tz

13!3
9tI+

11 È2
g!tn
t+tz

ff Randorn
Events

97
68
93

103
l+5

30
L2
I

85
5L
60

')
0

l+9
7
9
1

?2
I

L2
L5

1
6
0
0
1
0
3I
0

3t+6

1108

* lneludes evenûs ln the ranges ll+o S Ol S t+Zo, Irâo S gB ç 3Bo
no& eoun&ed l"n the other polar angle bins. Abou'b LOft ofall pp$ even&s, elåmlnateä by cutã on the w'ire chambÃrr
coordlnatese are not counted ln the tab1e"
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10. Nopg lt defined by

VII-6

\ÍIT-7

VII-B

VII-9(Pn"r,d +Rn"nd )

Añon-ppE

Iinon-oo8 (p +R )' non nOn.
Añon-npd

Nppð = (P"pt-Ropd') - (PD-RD)fD (P¡ü-RN)fN

I'he quantities f¡ and f¡,¡ are given by

f = N */1, wnon-pÞo' non-Þpô

for the DZ and N, data sets respect:ively"

The uncertai-nty in llo'6 is obtained by com-

pounding in quaclrature all the statistical errors in
equaLions VII-3 to VII-7.

#tnou : (ppog+Ropg) + t: (eD+RD) + r,f {e*+nt.,)

62r is given by the expression

+ (Po-Rr f 6"0 * ( Pu-Rl¡ )2 6210,

62t : ¡21l{non-ppü)\J(ñ)

6tr

where P.on = PDnon or Pl,lno' deirending on f : f,.., or fll.

S j.rnilarly F-non = RDnon of Ri,lnon,
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v]I.5 PP8 CRO.SS SECTION NOR]4ALIZATIOI\

vII,5.l ldentification of calibration p-p Efastic Events

The extraction of the p-p elastic events r¡¡as

the easiest part of the analysis, slnce they came from a

well-defined part of the reaction volume and passed through

an isolated part of the back right wire chamber" Sj-nce the

reason for detecting p-p elastic events was to provide

proper charge normalizatj-on, the computer constraints used

in their iclentification had to match a,s closely as possible

the conditions trnder which calibration runs \^Iere taken

(See Chapter \r). The analysis of the ppt events al-so in-

volved application of X2 and vertex eonstrai-nts r','hich

eliminated a certain fraction of goocl events. Systematic

error in the ratio Npp6^$el due Lo vertex cuts v¡as par-

tiatly eliminated by applying the same vertex accepta.nce

condÍtions for the calibration p-p elastic events ês for

pp$ events"

rt waf; not possible to appl¡r [2 cuts to the

p-p elastic events without introdr-rcing sizeable eorrections

to NOOS/trlel-, The runl.so multiple-scattering in Nhe tung-

sten r,vires was about 2.1+o, which was about six tirnes worse

Èhan for the rest, of the spectrometer. Since 24f, of t.he

events hit the tungsten w-ires, the XZ distribution n'as



I5t+ -

scri ously affected.

T'he X2 distribution for p-p elastic
b/as rnore seriousl-y affected Lhan fcr pp6' events"

events

T'he

correlation betvraen angle anC energy is ¡i:r:ch r,¡eaker for
ppÛ events ancl rnultiple-scatterin¿5 of as much as 50 in

the polar an¡';lcs sornetinres has alnost no effect on the X2

lrull.-l.u47). This is ciue to the extended size of the kine-

matic l-oci for op$ events. The Y2 distribrrtion for p-p

elastic events we$ also more sen*si-tive to minor errors

in the PFlT-energy calil¡ration constants which occurred

at the berTlnninfl cf each run. The number of p-p elastic
evcnts v¡ith X2þ.5.hL} was abou.t I5l , mainly Cue to events

hitLÍnq the tungsten wires. The corresnoncling fiE;ure for
pp8 evcnts was about t+ ! Z.iL" fn calculaling the charge

norn¿t lizaLj.on, the fraction of op$ events eliminatecl by

Lhe XZ crrt was comr¡ensated for, Vertex euts welie aoplied

to Lhe p-p elastic events since the adjusted vertex error

disLributions t4rere nearly the same for all events " The

6 ! Ll, correction to llo'S/Net for op8 events that are

eliminated r,u¿-rs discussed in Sec. VJI"L.3" A summary of

the elasLie events detected is given 1n Table 14¡ in
Se ction VII " 5 .2
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Corrections for Undetected P-P Elastic Events

The spectrometer introduces a few s¡rs¿ematic

errors that result in sone p-p elastic events passing

through the system uncletected" These are outlined bel-ow'

(a) During the experirnent there was a dead wire in

the calibration p-p elastic region of the back right wj-re

chamber. This resulted in an ineffieiency for one plane

P6';;) tnat did not occur for most ÞpS events. -qince there

lras sorne redundancy for track detection inefficiencies,

Iess than 6it' of o-o elastic events hlere lost. The cor-

rection was determined by observation of the spark 9t"-
tribution on the plane where the dead wire occurred, and

n¡as estimated as 3 ! I/". The error is due bo statistical
fluctrrations in the spark distribution near t,he dead V¡ire"

(b) Electronic drifts and the poor energy resolutlon

of the counters sometimes resulted in some p-p elastic events

being rejected by the upper (AE) discriminator thresholds,

The nr.mber of lost p-p elastic events was determined for

each run from obse::vation of the elastic pttlse heights

and the díscriminator cut-offs. The correction to ld"t for

these lost events is 4 t lfo.

The eorrections in (a) and (b) as well as the

corrections for lost pp$ events are cornbined into the
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factor p in equation V-l" Other effects such as wire

not considereC.

factor CN fron

A srrrnnary of the

equation V-2 is given

Summary of Cro-es Section lior-mall zation

cha¡nber detection uniformity (€*"/e*g) result in negtisible

corrections and are

charge normalization

in Iable L4"

/Í of calibratj-on p-p elastic
^Dronpt
Iì¿lndom
Net (NeI)

Corre ct i ons tc XIo.t
Effect of dead"in'ire
irultinlc - Sca ttering
lÌffect, of AE c';t-õffs

events
r89 rg3

25o
18,9 9t+3

r .03
1.03
1,0l+
O,9l+3
o "96?

1"00

30"15

! o "231i

T
' 'lc

'T 1ci
î L,/9
! Loi'
! -t b:.

* .>o"

! z .B,qt

! 3.6";1,,

Vçrtex error acceptance (relative to ppt)
Yz cr¡t-off (relative to pp8)

lJet Correction factor ( 
P 

)

$ål"r nnblsr

Solid Angle (An) r:rsr

Target Length (LeI) mm

Vertex efficieney ccrrection (€"r" /e*)

o,296 ! L"?tr

4.206 ! L.5l;

1"00

1,984 x 10-35 t j,g\åC¡¡ (Equation V-2) mb-cn
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VIII 
" 
I

RESULTS

CONVENTTONAL AI\ALYSIS

The pp$events detected had polar angle ranges

from 1l+o to 46c. on the left lnd 1l+o to 4Oo on the right.

In the conventional analysis, the events were separated

into a large number of bins depending on the variables 0¡,

8R, Õ" and Wy, These were described in Chapter IV' llhere

were a total of 30 polar angle binsj Orrt since the protons

are identical particles, it was nossible to combine bins

corresponding to similar polar angle paì-rs*(i"e' I8o-22o

and 22o-18o), This reduced the number of independent pol-ar

angle cor,rbinations to 18, and the differential cross sec-

ùions have been obtained for each"

In some cases, cross sections rlrere averaged or

suruned over certain ranges of the angular variables" For

calculation of simple averages (or sums) ttre following

procedure hras used,

r nÍå*'"'J
averages, useci

tl2
JCc.l' 0c =

i\

Y- a1

i=1

The calculation of weighted

VIÏÏ-I

when simi-Iar

I
N

n By connbÍnfng polar angle
left and rlght i-e lost 

"polnt on w111 be (1) and

btneu the dlstinctfon beÈween
The subscripts t¡sed from this
(21 rather ùhan (L) and (R)"
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polar ângle bins r¡rere combined, *r" "= follows: for
a J 6n anci b I 6U

a+7-ô*a

ds

b
Eõ. t6. + \TITT-2

11
6% 

. 
6to

VIII"T"I d.r!1dfl2 cl P6 Cross Sections*

62, 6?'a

Tlie AC /dfafdf,l2dV6 cross sections are defined

in equation rv-r6" Nppú is given by equat,ion vrr-6, un-
certainties ln the cross sectlons are due to Nopd (eqn, vrr-g)
€o and €1 (eqn, IV."L3)" The events vreï.e integrated over

Õr lrom O"O to O"7 in order to i-mprove statistj-cs. The cross

sect,ion varies slowry as a function of @" uo Lo this point so

the rcsrrlts are very sirnilar to those for copla.nar events,

'Ihis can be seen from the example of the theoretical_ cro-ss

sections ¡4iven in Aopendix F, Fig, F-I(a).
The polar angle eombinati-ons r^rith the best

sLatistics are shown in Fig" 29 " These are for polar angi-es

of ?2o-22o, 260^260, 3Oo-3Oo , 22a-26o, ?60400 and 3}o^34o,
For symmelric polar angle pairs (e "g " 2Zo-ZZo) the Vg dis-
Lribrrtions are symmetric about V6 = I8Oo, The data. for
l{ioo.,< Vy .( 36Oo have been combined wj-th those in the

strtctrv 
"o*unålå å*i - 

^^:::31 
f^*q a Þ,
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other ÞraLf*range by cal"culatfng the weighted averages of
correspondlng polnts, This was done to ímprove statletles"
The eraooth eurves show tfours Hamada*clohneton Ëheore&ical

predictfons as a functfon of 96 for €* = 0"1*" In general,

the shapes of tÞre dfetribuÈfons ere reprodueed welr by the
theoretlcar results, Beceuse of poor statisties, comparLson

to theory fs not very meanfngful" Two ot,her polar angle

conbfnatlone ane shordn ln Fig, 30" For 38o-30o the r@so-

LuÈl.on fn Wg J.s very poor and the structure fn the crosg

sectlons 1s smooËhed out, The Vú reeoruÈfons are betten
for smaller porar angxes because the kÍnomatic locf are

larger and the absolute energy resol-r¡tions bet&er" For

260-260 the ({16 resolut{on fs about t L5o while for 38o-30o

It ls about j 3Oo, The res¡rLts for 180-260 show wf¡a&

happons when &he deÈeetfon efflcleney €1 .+ O for pert of
&he W6 renge" The nu.merical resurts of all the raeasured

aa/dflrdr¿adV6 eross sectfons are surnmarfseel in Appendíx G,

VIII uL,2 dTîffiU Oross Seertons

The dq/ACrldf}e eross eectlons are defined in
equatfon rv-å8" The events ln each polar angle bLn were

J.n&egrated over Vy and Ëhe neg pd evenôs and c!"oss seeûj.on

uncentafntlcs detenrnfned i¡l a simiLar m&nner as for the
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Figure 30

The acr/di¿rdîL2d-Wr eËoss eections for pola¡ angle paÍrs
of 38o-3Oo ãnd 18o-260" The resuLts roi 38o-30o arè¡ smoothed
out beeause of poor resol-uÈlon in V6 " Resu}ts for 180-26o
ehow the effecte of the deteetion efficfency € 1 .p O for
part of the Wg range " The @rror bars are statlstical onJ-y,

vy

38" - 30"

'$É {Tï"{$
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¿<r/d.Clfdf)2d V6 crosa eectione" ?he events were lnitfal-i-y
separat,ed ånto bins 1n @, ghat were 0"1 wl,de" To J.mprove

statlstlcs, the cross sectlons for adJaccn& bfns were con*

bfned by eaklng &he slmpS.e average of the üwo results. The

errors were added in quadråture,

The as/Af,rfdn¿ eross sec&lons as a fr¡nction

of ë* are shov,rr fn Ffg,31" Only statistlcal errors 1n the

evaluaùfon of Npp6u €o and €, are tncluded Ln the error
bare" The smooûh curve shown for each polar angle co&*

bLna8lon represents the theoreÈleel predic&fon of the

Hamada-Johnston poÈen&íal adJusted for the resolutlon 1n

@r" The shape of the theoretleal predletfone and the

oxperinentaX resuLts are Ín excellent, agreement,

The coplanar ctross sectfons, obtalned by

averaglng the ffrst two daÈa poånts (ër( O.¿å.) for each

polar ang3.e pafr are eun¡¡r¡ariøed l¡l Tahl-e 15, Thfe eree

pernrlsslble becauee the vanfatåon of the cross eeetåon wf&h

Ë" fs cmalL in the range 0 -( Þr"< 0,1+, Liouss Hamada-

Johneton theore8ieaS. pnedic&lons for eoplanar enents are al-so

lncluded ln &hfs Ëable" These predictlons have been eor*

nected for the effecte of finlte resoLuÈlo¡rs I 6e") 1n the

øvon& non-eoplanarfty" The measured dg/Af¿fdllZ cross

eeetlone are e¡¡mmanlsed fn Âppendfx G"
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Õ, = laç/açrl

Figure 31

The A<r/¿Oldfle cross sectfons for the 17 polar engle pairs
lndicated sfrowlng the dependence of cross seetions on ã,",
The smooth curves are the theoretfcal predfetlons for tñe
Hamada-Johneton potential adJusted to lnclude effects of
angular resoluÈfonso The error bars are due to statfsticaL
uncertalntfee only, there fs an uncertalnty ln tho vertical
scale of 3,9/0,
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Theory
ya/arz

Table l-ã

Ooplanar dg-
rÕ:Lffiã

ot-oz
deg"

Experiment
yb/ør?

Orose Sections

Ratio * I 6*"

18-tB
L8-22
22-22
18*26
L8-30
22^26
26-26
22-3O
22-31+
26*3O
3O-3O
?6-34
3O^3b
3l**3¿+
38-22
38*26
38-30
38^3/.*

o,o7
*0r02
-0.01
-0"16
*0.18

0 
"0r+*0.X5

-0*23
*o 

"15*0*og
o.1l
0,01

-0"02
o "22-0.21
o.06
o "090.18

* o,2of o"zo
å 0,13t 0"13
å o"l"g
Ë o"o8
å o.og* o,l,o
4 o.t3
3', o"1l
S o"tt
å o"l0* o,og
$ o"16
& o*2r+
* o"t6
ë 0"13* 0"15

a,2L6
o "2L7o "2L2
o "2260'2r*1
0,216
0.216
o,226
O 

'21þ3g 
"2?l+o "23oo,?39

Q 
'21+6o "266o,267

o "263
o "2730,301

L"?3 å 0"33
L,t+Z + o"29
1.t*4 s 0.L9
tr.01 $ o"t6
o.93 E O.22
L"t+8 * o"l2
L"27 å 0"1,+
l.o5 S o,ltÞI.l5 Ë O,lB
l""I+4 t 0"18
1,95 t 0"19
L.66 * O"17
L"g3 3 0"17
A,9L å 0"39
I"07 Ë 0,33
1"86 S 0"26
2"t+6 4 O.Zg
3"47 ã 0'lâ5

L "6?1"t+5
1"46
L "27I,1&,
L*l+2
L.5A
L "37L.35
L "57L,76
L "65L.g7
2 "39L,35
L,76
2 "?62,9&
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dtr
ffi1äffi CIroes Secsfons

The dc/d@Id8z eross sectÍons s{ere obtalned

from the cross eec&åone described in Sec" VIII.L"Ze by

åntegratång over Þ*" Equatlon ¡y*19 was used 1n the

caleuXationn Slnce these cr@ss eectlons have Èhe best

etatlstics they are a better test of the theoretfcal pre-

dlettone than thoee descrfbed previously" In addltlon,

6he øffecbs of experimental biases, due to energy and €"

angular resolut,Íons and &he energy er¡Ë-effge atre minimized

(but not ellminated), Fig. 32 shows tho ratio of exlper-

fment to theory for each araguJ-ar b1¡r" The results are

summarføed in TabLe l-6"

I¡e caLeuletfng the ratfo of experlment to
&heoryu an ¡¡ne@rtaln&y of å 3% fn the theorebfeå1, results

hae been included" Thle uneertainty ls due to posstblø

errors fn fnlbenpola&ing beÈween the eeleula&ed d a /afitdf} Z

cross eecttone beeauee the shape of the cross eectÍon was

not accuratetry known in the range ãr> 0"7" The vaLue of

the theonetleal eross eectfon, used to calculate the ratlo
ln TabXe 16u vvas obtained by averaglng the theoretical re*

sults over Èhe poJ"ar angle bfn. This ls pnobably a more

relÍable proeedure Èhan simply taklng the value for the

central- poln&. Typleal differenees beÈween the average of

&he &heoretlcal cross eecÈlons and &hat for the contral

poånt were *L * 216,
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Table 1.6

Sunmary "f æfq Cross Sections

Experiment
yb/radz

Theory*
yb/radz

0.r4 t
0.09 å
0.01 t

-0,I3 å
-o.08 t
-0,03 t
-0,r8 È
-0.01 t
-0.31 È

-0.10 t
0"03 +-o.r[ r

-0.0¿+ t
o.zt+ t

-0.07 t
0"15 t
0.0L t
0.26 t

Ratio - I

0.15
0,10
o.10
O.II
0.17
o.o7
0.08
0.09
o.l2
0,06
0.08
o,o7
0.07
0.12
o.25
0.12
0,ug
0.11

fi Error
from Engn
Cut-offsf

ot-oz
deg.

r8-18
r8-22
22-22
L8-26
r8-30
22-26
?6-26
22-3O
2?-3t+
26-30
30-30
26-3t+
3o-3t+
3l+-31+
38-22
38-26
38-30
38-ltr

¿¿
f
L

I

à
È
.L

ttttt

I
6
5

10
20

l+

3I
L5

3
2
7
T
0

30
L2
I
0

.L

t
t

lleighted Average Va1ue of (Ratio-I) = -0"O33 t 0,023**

* ¡ )Í6 ercor.has been added in quadrature to the ürc€r-
Èainty 1n (RATIO - 1) for nr¡nerical errors in câIcu-
lattng the theoretical cross section.

**-The dc,/d-Cl).1 vaIue, measured rrith Coltinator II- (Table 4), waE'used iñ the. cross section norrnalization"
If the avðrage of the ¿s/d(2)-r measurements had been
used, tþe value of (Ratio l)"üould have been
-O.O57 x O.O23 ,

# Th""" uneertainties are not included in the quoted
experimental errors, Most eross sections will tend to
change ln the same direetion lf ühe energy thresholds
are in error.

0.421 È
0.371 t
o.351+ *
o.262 t
o "2u3 å0,333 t
0.298 È
o "323 to.2I3 t
oJ32 t
0.415 +
0.318 t
0.¿105 t
0.588 t
o"275 x
0.428 t
o.t+76 t
0.669 t

o.o55
0"034
o.o33
o.o32
0.O¿ll*
o.423
o.026
o "o27o'03ó
0. olg
o"030
o.o25
o.026
o.o53
o -o72
0.o¿+3
o.439
0.054

0"368
0.340
o.350
0.300
o.263
O.3trz
o "36)o.325
o.308
o.37o
0"40r
o,)70
O,l+?l+
O.l+71+
o.295
o "372o.l*60
o.532
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The weighËed mean walue of, expt/theory is
0,967 t O*O23" The dletrlbr¡tlon of the ratfoe is elose

to the one @xpected for random etatlstical errors onlyu

klhen compared to theoryu &en neasurements differ by lees

Ëhan one standard devfation, :ffve dlffer by less than two

etandard devlatfonsu and the renalning three by J-ess ühan

three standard deviatfons" The expected frequencies were

L2t 3u 5t z and 1 * L respectfvely" The points Ln Fig" 32

lndlcate thag f,or larger openlng angl,es (81 + 82) between

the 8wo protons, the experfmentaL results are too hígh. The

L8o*18o and l-8o*22o pofnts which aLso tend to fndicate arÀ

upward trend Ln the ratLo, are senslÈive to the ehoiee of

&he energy cut*offe, Howey€r, some other more asyrnrnetrie

polar angle eombinatlons are even more serlously affected

end do not show the same trend, The rapvaard varlatlon ln
the reti@ at smaLL nearJ.y symetrf.c angles ås probably a

staÈlstlcal fLuctuatÍon,

One posslble reeson for the shape of the dis-
trfbution in Fig" 32la) for nearLy syumetnlc evente is
tha& thre choice for the theoretical predie&lon Ín the €x*

treme caaes is a poor one due to the effects of the baffles
e& Bl, and 82, For examples the 82 bafflee prefenenti.aLly

sÈop protons wlth smaLler polar angles on the rfght side"

Thus detected events may have an everage opening angLe
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Bomowhat larger than that used for the theoretical value,

Since the cross sections are Lncreasing rapidly ab thís
pointu this would have the effect of raising the

expt,/theory ratio" A similar effect could occur at smaller

polar angles due to the BI baffles and the wfre chamber

cut-off near the beam" Events with ,+¿+o: 8I o 92( 600 are

not serlously affected by these conslderations and results

fn thís range are the most reliable,
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GIOBAL A¡iALYSIS

In this part of the analysis, an atternpt v.¡as

ntade to ìrse a]l- of the Dpô data collected rather than

just the part in the 3O T¡olar angle regions previously

consiclercd, For this reason, the set of np$ daia vra s

inte¡lraled over thc n,roton lrolar angle ra.nges up to 38o.:
on the r:ight ancl 42o on the l.eft. At polar angles larger
th¿ln th.i-s the contanination due to rnriltir¡1e-scattered p-p

elast,ic events became large and the data rrnreliah'le. At

pol¡rr anp;Ics ,$ f4o the randcm background became very -l-arge

and so a lower linit at 14o was also pl_aced on the croton

polar angle ranges, Since the only theoretical predictions
atternpted to date have been.for the dg/dfà'df,À2d$/g and

dq-/df}ld-fÀ2 cross sections, there were no results to eon-

pare direcLly with the experimental measurernents" A cor-r-

,rarj.s,rn Ur> Lhe theoretical prediction-s of the Hanade-

JohnsLorr;ro0enLi¡.I was ¡,iade inclirectly by u-cin¡¡ the trfsþ6.tt

sel of np8 events Ciscussecì 1n Section iV,I. The e\¡einls

i-rr Lì.i.s scL oi det-q have Cistribu.tions Lhat include f,he

effect,s of Lhe bi¿rse s introduced blr the exrerimental-

e rlaretus (See Sec" fV"3 "4) .

il-lc eorre cticns for nrcmpt and random back-

t;r:rundrì vúere ,,rade in a inÐnner si-nj.lar to thet described
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prewiously, (See Seen VÍT.,l+"3 and VII &.,&.) Histograns of

&he deelred variables (Ëru V¿, Ol + 0¡ and Otr * 8¡) were

made for the Monte Carlo data and the ppf data and conpared"

A scalfng facÈor for the Monte Carlo data was obtalned from

Èhe ratfo of the ne& number of nfake* pp$ evente (v¿eighted)

to net meaeured ppd events for the polar angle ranges dis*

cuseed above,s

VIII,Z,ï 9r Dí_stributlon

Ffg, 33(a) shows the ër distrlbution of events

lntegrated over the proton polar angles and W6, The points

and ennor bare represent the measured data and the solfd

hisLogran an expected disüributfon for the Hamada-Johnston

potentfalø Thi.e ali-owe the Þr shape to be examlned þriÈh

good statfstics" As can be seen, the shapes of the two

hfstograms &re 1n excellent agreernent, Events extend past

@r * 1 beeauee of the reeolutlons fn the azirouthal anglesn

Ffg" 33þ) shows the ratlo of the two histograms

(Expt/fneory) with the error bars indlcatíng onLy statis*
Èlcal errors" This provides conclustve evldence for the

* 
Thu Monte CarLo data was ehecked for systematie errors by
exarelnÍng the no-rrnalization factor required to yield the
t,heoretfõal- dcr /d}ldøt cross sectfon for each of the 30
poLar angXe bins" -AlÎ of these faetors wqre nearly the
äame excõpt for smaLl sÈatistlcaL ernore (*5"Ãl@
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Thq observecl distribution of event nrrn-coplanaritl'@"
integraterl ovcr the proton pola.r angles. The l^ra.r hist-
ogllann gives the distribution for the l{onte Crrlo events 

"

(b) Tl.rr' rrt,io of expt .ll.heo'-.\, for histogranns in (a) , The
. theorlr correspoñds to the prediction oi tlre Hamada-

.Iohnston potent.ial" The eiror h¡rs ,fre ctltj.stical
utrcerta int i.e s n11l-rr.
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validity of obtaining coplanar cross sectic>ns fror¡

previous exnerinental ppð r'esults by using the theo-

reLical @, di-stributions"

VIII *2.2 Vg li"tributions

€herglr

that (a ) 24o =( Ð1, S lt?o

(b ) zlo

(c) \ eI,-sn I s
and the sarne Vf histograms were made "

380

6o

These events i^Iere

cu.t-of fs. The

The V¿ disLributions were integratecl over the

polar angles and examined as â function of Õr, Fig" 3l+

shows \P6 distributions for five values of the relative

¡on-eoplanaritlr (@,. .( O"Ze O.2 ( ë" -( A.4, 0.4 -( €r-( 0"6,

0.6 S €" S O"S and Þ" ) O"t). The shai:e¡ þrhich theoret-

ically has a quadrunole form is badly distorted by the

energy cr-rt-offs of the spectrometer. The dotted histo-
grams give the l,ionte Carlo results for the Hamada-Johnston

potentj-al. The theoretical distribrttions show qualitative

a¡peement with the measureC results but the value of the

comirarison is reduced because of the poor resolution in 9y

and the huge distortion ceused by experirnental biases.

In an effort to reduce the effect of the

cut-offs, the polar angle ranEes were changed so

not so seriously affected by the energlr
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The eolld hiètograms give the Monte Carlo results for the
Hamada-Johneton potentÍal" Only a few typlcal error bars
Ere shown for the experlmental results,
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Jlre WS ¿istributions for the same rlnges of ð" as j.n
Fig. 3lv, Thc events are lin:ited on the polaràng'!-es
t,o ,qr¡oi,rJ the energl¡ eut-offs,
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results ar@ shown 1n Fig, 35" The expeeted quadrupole

ehape le more cXearly lndfcated, but again the W5 r€so-

Iutfons are poor and the statlstlcal eeeuraey ls lfmited,

Only a few typtcal error bars are shswn on the histograms'

The shapes of the dls&rfbutions can also be compared

vlsualLy to the example given ln Flgure F*2(a) "

VIII ^2^3 Po1ar AneLe Dietributione

Ftg' 36(a) shou¡s the dependenee of

events on the su.m of the proton polar angles"

the ppd

Both @, and

(P5 have been integra&ed over" The dlstrfbutfon of Èhe Monte

Carlo events (eolid hlstograml is very eÍmlLar to the ffi@ås*

ured resu}ts, The raËlo of the experimen&al and ÈheoreÈ-

ical results is gíven 1n Fig, 36(b) " The error bars are

statistical only, This indicates that the experimental

r€sults are too high et, large polar angles" Thls may be

caueed by p*p elastic events that have been multfple-scat-

&ered and also had Itheir energfes degraded' The iÞr anguS.ar

nesol¡¡tlons for p-p eLaetle events hitt,lng Èungs8en wires

would be very elmllar to ppÚ events for poLar angS.es 7¡35@

and make these enents hard to ldentif,y or make aceurate,

eorrect,long for"
Ftg, ]/ shows simllar nesuLts for the dls-

&ribr¡tlon of evenÈs as a fur¡ctfon of &he asymrnetry fn the

proton polar angles. The HJ theoretfcal predic&fone are

ín good egreeeent wlth the measured resuLts'
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(al The distribution of neasure¿ ppt events (points and
error bars) and Monte Carlo Uï. ppð eventè (solid
bf,stogram) as a function of the ôþening angle "

(b) The ratLo of expt/theory for the histograms 1n (a) 
"the error bars contain statlstlcal errors onlyo
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The distribution of measured ppf events (polnûs and
error bars) and Monte Carlo HJ pp$ events (soLid
hlstogram) as a function of gg-8¡"

The ratlo of expt/theory for the hfstograms 1n (a),
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coiq0tusIoNg

FPS eross eect*ons have been measured at an

tncident proton en@rgy of l+2 MeV and conpared to the Prê*

dte&tons of t,he Hanada-Johneton potenÈial. ComparÍson to

theory hae been poaslble over a w'Ide polar angle range and

tt¡e relaEtvely large nunber of enents has permlÈted a

strlngenÈ t,esû Ëo be made on the form of the horx*eoPlanarity

(@r) dfe&rlbutlon" V6 dfetrlbuti.one have been found to

agr@e qualÍtatlvely Rrlth the lIJ predtct*or1eø The average of

al,I fntegra&ed cross eeetLone does not lndfcate any statÍs*

t1cally signfff,eanÈ devfetlon from Lfours predietåons for

the Hamada-Johns&on potenttal" The overeLL retf@ of exper-

lmeng to Ëheory for the lntegraBed da/a01AO, cross sectLons

was found t,o be 0 *96? * &16 fu"# The normalløa&fo& tulc€s-

tatnty of 3 *9/o Ls incLuded fn the enror. tÍoucs ealeuLa*

tLons, howeven* do not fnclude Coulomb effects, whích lt ie

beLteved wl}l Lower &he theorebfeaL pnedletlons by 6 - LOf".

Thus t,he measured results would probab}y be eonefeËent wfth

revteed theoretieal predlcËfons as weLL*

* u"f"rg
v8luc
error

& eLl"ehÊly different normalLsatfon procedureu a
of 0 "9A3 

k t+,6/" fs obtalned" The nèrrmaltzat{.on
lncluded is 3 ,8%"
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The results of this experiment confirm that

theoretical ppt calculaüions can glve a reasonable r€prê-

senüation of measured data in a relatlvely model indepen-

dent region. The ninor discrepancies observed for certaln

angular combinatlons are noü statistically significanto

They occur in regions where experimental conditlons pose

the greatest problens and the stated uncertaintles are J-arge.

Since experimental biases introduce J.arge uncertainties ln

some of the measured results, it would be deslrable to re-

peat the experiment with improved experlnental conditlons

and better statistics in the nunber of events to obtaln

alore rel-iable data at sroalL angles.

Since experinent and theory appear to agree in
a model-lndependent region, it would be a worthwhile sR-

deavour to investlgate regions where model-splltting is
expected to be larger, for exanrple at small polar angles

ln the 5 - L5o range, or at energles of lOO MeV or above"

A snall angle experiment would be a most difficult pro-

positlon at any energye

If an experirnent similar to the present one

at higher ineldent proton energies was to be atte¡nptedt

a nu.nber of lmprovements could be made" In this €{p€r-

lnent, charged particle fluxes ln the front wire charubers,

and noü the nr¡.nber of random events, limlted the data-

teklng rates. This problem could be reduced considerably



181

by Ëhe uee of propor&*onal- wårc chsmbers fn plaee of the

presenÊ fron& wfre ehambere" B{ot only would thie reduee

&he effeets of spurlous epanks due to 6*reys and addl*

Ëional pro&ons ent,crång the hodoseopesu bu& would also pro*

vide & means t,o pr@vent triggers where & n@ugreJ. partlcle

wae deûeeted ån ghe eountere" This would reduee Èhe com-

puter dead*&fmE whfctr aLso le a serious problem ae far as

data-tekfng raÈes &re esneerned" ELlmfnation of the &ung*

sten wfnee fn Èhe front wlre ehamberss oF modåffeatlon of

&h@ geome&ry to *mprove versex reeolutlon, wouLd probably

elfmfnaÈe eny remeinlng backgrou¡nd fn the ppX rcgions fÌ'om

prompË p-pr eLas&i.e events, The redueed multlptre-BeaËterfngs

fmproved energy resoS.u&*on, Lorøer p-p eLas&1e eross seetåons

and hngher pp$ eross eectÍone also mal<e sueh aR experfmen&

øasler ûo penform" These more favorable condltlons mfght

al,low the present øxperlmental geometry Ëo be modlfl"ed &o

obs@rv@ poJ.ar angles as Loçs ae LOo,

The e&udy sf å¡reLae&ta nuelear reac&$.ons, other

tharÀ Nru8e for deÈenml"ming bhe n¡¡elear po&er¡tial {s bese& by

eerfoue theore&åqal di.f,fteul&les, Thus, the poss{blllËy of

nelatLvel-y preclse aeåsuremenbe ae hJ.gher i"ncfdent proton

energ*es prae&1calJ.y assures contln¡,¡ed Lnterest Íra pp$ as &

¡¡eefirl tool for ånvestiga&1ng the nueLeon-nucleon ånteraetfon,
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ALPE$ÐJX A - DEFI¡ðrjlr0lü 0F VARTABLES

The verlables used tn the texb are defined in
alphabetical order, If a particular synbol has been used
for two different meaninge, the fntended use is obvious
when consldered ln l"ts proþer contexû, The sectton nunbers
where lmportant varÍables are di.ecussed are aLso given'

CI<

- Wolfenetein coefffcient; abbrevlated symbol
for Ëhe V** matrix eIèment" (Appendlx F)

Square of the proÈon charge = t/13? 1n the'r-lsrtte used (ñ ='c = 1) ;-angular resolu-
ti"on in polar angle, (Appendlx C)

- Number of events rufth X2 > tO in ppf back-
ground daÈa, (Sec. VII .l+"3)

AppU Símilar Ëo A¡¡6¡¡-op8 except egents appear to
simulate ppX cbiíditlons (Xz< 5"4L2)
(See " yTI',U,3)

- toschmfdt,se number * 2,687 x 1g19/cm3,

* Wolfe¡lsËefn coefffeienÈ, (AppendÍx F)

* Correction to ¡rumber of deÈected p-p elastic
eallbratfon evenbs" ($ec, VII "5.21

- l{o}fensteln coefffe*ent6 eonstant factor,

Correctlon for coincidence eircuit effl-
eiency i* -dg) measuremeRt " (Sec. V,2 "1)@e:-

- Dead-Ëime correetfo¡¡ ín dCf) neasurementu
ffier

- Factor lneludlng effects of spectrom€ter bÍas,

Goodness of fit paraneÈer ån the statistical
anaLysis, (Seè" vII,2"1)

Cos"reetfon for charge lntegrator Í.n 5þ)
meåsurement, (sec , v ,2"á) õå)el

Anon-ppt

Ao

B

p

c

cc

cnr

c€

x2

cI



c¡r

cP

crc

r88 @

A2

* Normallzation Consta.nt . (See, V "1)
Counts in prompt coincidence circu-it,

Correction for charge collection effielenc¡r
of the Farada;' Cup " (Se e " Y ,2 ,?)

- o**:å:*;;:åi:""1ËË":"i:;:ti"" n 
$HJ 

",
Charge calibration constant * number of

cafibration p-p el-astic events /n".
(Sec , V .2.2)

Corrnts in rarrdom colncidence eircuit,

Correction of gas density to STP
conditlons, -(Sec, V.2.6)

lJistance fro¡:n bea¡r to the el-a.sti. s6]ì-'i'n3f or.

Distanee from bean to sl"it in p2 haffles
i-n Fj.g" ?.

Resolutj.on of proton enercq\r" (Îee" IIf"2"6)

'Jneertainty in total energy of the final
state as s¿]çìJlated from ncmentum
conservation, (Sec, VIf "2"I)

Energy denominatcr in çel-ativj-stic form as
caÏäu.t-ated from Go(E') , (AppenCix F)

hs

CQ

cq

c'.r.'P

,11

ð2

6s

aEr

Anx

d.fli,rÁOl Solid angle for left proton"

dOtr,AOR Solicl angle for right oroton'

d0, A-(^¿ p-p elastic solicl angle"

a+ - o'"i;;:3':^:;,1:ï 
¿: il":'"ól :"1ä[.,eoordi-

CÔfr$Þl - ¡ri¡nufrral. an65le range for'left proton"

Aên., - liaxirnrrm kinematical-Iy al.lowed value for AS
d*o - Resol,ution in Â+
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A3

A@nrÂ#n - Azimuthal angle rånge for right proton.

* Resolutton in relative non-coplanaritl'"6*.
aë"

¿Vx, dVr
- Range of relar.lr¡e non-coplanarity (see ð")"

- tngular range of photon for Harvarcl
eoordinate system"

dg¿ir Á êf - Range of polar angle of p5amma ray"

(av> - )) Vertex errors standard devíatlons,
(Az> -) (See" IrI .2"9)

<aYo> - )) P-P Elastic vertex errors standard
4&Zob *) deviations (Sec" Ifr '2"9)
Avy, (Avr) *)

)Vertex errors. values and mean va1ue,
&v z, (ÂvzÞ - ) (see ' rIT "2'"9)
DVY *)

) Adjusüed vertex errôrs. (Appendix D)
DVZ *)

62, (62Þ - Average observed target lengths (See, rI"3).
dtr Cross section probabillty for ppff.

dg) - p-p elastic cross secbion"
ffi)"1
6 * Folarizabion vector of the ganma rÐfø

E * \tlol-fenstein eoefficient,
IE, E fnitial and final state klnetic energiesu

EO Detected proton energyø

EF Tota1 energy of flnal state from momentum
conservâtlon "

EL, Et Kinetic energy of the l-eft proton,



EL"i-n

Ej

EI

TI-o
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A4

Left energy eutoff = 9"25 l'[eV.

t'inal state total energy of left lroton"

- Total energy of the initial- state "

IneÍdent proton kinetie energy.

Kinetic energy of the right oroton.

- Right energy cutoff : 10,25 I{eV"

Tc¡tal final state energy of right proton"

* Tobal deteetion effi-ciency of the
spectrometer" (seeu II"3 )

- Detection efficiency drre to geometrieaÌ
e f fects. (Sec, IV q? ,I)

Detection efflciency due to kinematic
ef fects " (Sec. IV ,2,2)

- Wire chanber vertex effieienel' for p-p
elastic events" (See" V,1)

- Wire char:rber vertex efficiency for ppÚ
events" (See. V,1)

Ft'nction of pol-ar angles rtsed for vertex
error arljustment. (APPend j-x D)

Fraetion of Dc events appearin,q as eontam-
inants in põf" (Sec.'VfI"4 "/*)

Fraetion of N-, events appearin.q ns contanr-
inants in pÉü. (sec, 'ÎrTr 

"l*.ü)

- Denotes final- plane vlÊve state,

- Vüolfenstein coeffieient. floû-t"êlativistic
pha se space fa ctor (Sé c . fV .L "?) ;distribution function of beam orofile
(Sec, If"3),

- Non-rel-ativistic rrhase spa ce fa ctor
(sec " IV "L.2)

ER' E2

ERrin

Eå

ê

€o

€l-

C-we

€wú

f

fD

fN

lr)
F'

F
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A5

- Funetion of vert,ex position for vertex emor
adJustment. (Appendtx D)

- llolfenstein eoefflcient,

-)
) Greeirts frrnetion operators !9" Htt and Ho

-) respectively. (Appendix F)

FunctÍon of energles for vertex error
adJustnent, (Àppendir D)

- Hamil-tonlan for nucleon-nueleon inter-
act,ion" (Appendix F)

ñ Free pa.rtLcIe Hamiltonian, (Appendix F)

f-î
Denotes tnitial plane v¡ave state,

- Bea¡r eurrent in na 
"

- Unit vector usecl in Wolfenstein expansion.

* Itrumber of protons 1n 1 ne of eharge,

Kinetlc energ)r operâtor for ganma rêy.

kr , kr Proton ¡nonente 
"

-L.

G¡I

Go

h

LI,.1\T

t¡"o
i

Tr)
r
t
ro

K, K, Ku., Energy¡ vêctor momentum and 4-momentttml component of garnna ray"

Kl, KZ Kinetic energy operator for protollsu

Kp

IkrB

Ei. , Lf

L

Lel

mr m¿

iu

Relative proton momenta in initial a.nd
final states.

Sane as Eu Et ,

- Length of gas target for pp6 cese.

Length of gas target for p-p elastic events,

- Pe.rtíele masses, usually proton mass,

Centei' of mass scattering natrf-x"
(Appendix F)



Itio

lit

Nx

L92

A6

Geometrieal eorreetion faetor
Iuin : r/6o = IlroÁldo" (sec" T\¡,2.3)

- Ivionte Carlo eorreetion factor
Mt - L/€a: f li-1/ällor' (see" rv'2'3)

Center of mass se"attering matrix for a
single pole term. (AppenCir F)

- Evaluated eenter of mass scattering
matr"ix. (A.ppendix F)

- IJnit rreetor used 1n l,rlolfenstein expanSi,on,

- Proton nganetic moment "

tlnit vector rrsed in Vüol fenstej-n expansion.

- Nunhle-r of pronpt background events in
ppö data, (Sec " VII " 

l+ "3)

Nd.,

ItTgo

Ìtr.,rn - Number of undetected trajeç¿ol+es in eval-
ugtlon of €o" (Sete. IV.2"1)

N,ir - '"'iÏ:i"lfr3;':i'"€rT""iB"::'+i.;:;i*= 
ín

ll_, Number of generatecl l.ionte Carlo events ingr evaluatiìín of €1. (Sce, Ir/ .2.2)

XluI - Number of undeteeted It'lonte Carlo evenLs in
evaluation of €I, (Sec. IV "2 "2)

nL - Cor-rnt rate in left eounter"

Nnon-ppS - Net nurnber of events ,n¡ith X2 > 10 in pp$
data " (Sec, VIf .4,4)

n'ol,r
m̂

I'p
.^,n

NB

I
trlul, NeI - Number of elastie event,s,

- Number of detected trajectories in evalu-
ation of €o, (Sec" IV.2"L)

- N'-unber of generatoC. tra jectories in e'¡elL'.-
ation of €o, (See. IV,2"l)

Np¡rtrdNppf - Net number or ppü events,



nR

q
0i

p

D.D

D
^N

Pno'

p'f
Pl

¡

!,1 , P1
t

Pzu Pz

P1

@

@

#" tr
#r,@,
ê2, @¡

9, sr
@ru aë,

v*

Count rate in right counter,

- Pole indicator in the Greenrs funetio

- Sixteen independent bllinear opera.tor
from ffr, g-2, t, â, â, 1 (Aopendi

Geometrical function used in angular
h'.tion caleulations, (Sec , fIf "2,l+

a Pro4pt events in D" data that have)
Xt-€ 5"1+L2" ' 

I
Pronpt events in N2 data that frave I

x2'_4 j"r+rzo . 
ft

- Prompt egents in D, or N" data tha-t!
have x¿> lo" É L J

Final state 4-momentum. (Secu IV.L"2

Initlal state [-momentum" (Sec. IV,I

* Lg3

A7

Init,f al and flnal proton mornenta,

Leb momentrm of lncident proton.

Plane vrave state, eigenstates of Hn.

Harvard geometry non-eoplanarit¡r angle"
(Appendix B)

Effective azlmuthal ra.nge for left
hodoseope, (See " IIf .2.3)

Left hodoseope azirnr¡.tha1 e.ngle"

Right hodoseope azimuthal angle,

Azinutha.l angle of gamma ray.

Relative non-coplanarity and its range o

Distorted plane wave state, elgenstates
of H¡¡. (Appendix F)

ñsç

s formed
x It)
P€SO-
)

See See,

vrr"4"4

for details

)

)\

-t
-)
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- Photon an6le in Harvarrl coordi nate
syster'). (Appendix B )

Frrnction used in a.ngrrler resolution
calcuÌatíons, (Appendix C)

Charge in nanocoulonnbs ø ,

Vr

q

r)

- Random event rates in pp$ experinnent.

õ'1, O2 Probon mornenta for internediate
seattering states,

t
R,R

Rl

RN

Rnon

t3

P

{See. fI "I.2)
- Randon events in D, data that havel

X¿S 5.1+!2" L I See Sec,
I

- t"ig"# 
;:iî:: 

in N2 dara rhe.t ha'e[ ur, .u.4
\

- Ranclom eyents in D) or ll2 clata thatl for details
have x2 Þ to"

Lorentz invariant 3-bod]¡ phase spaee
factor. (See, fV.1"2)

Energy dependent factor used for vertex
erior adjustment, (Sec, IfI "2"9)

PauIi spin matriees,

T-matrix and T-natrix elements"

Rcsolving tinne of coincj.dence cirer¡its"

Laboratory pohr angle of the ga.nna ra)¡'.

- Laboratory polar angle of left-side proton.

- Laborator¡r polar angle of right-side proton"

Sum of left and right oroton r:olar angles,

- Unit step fi.rnetions" (See" II "3)

q
T, t*
?.v

86

81' 81,

Øzt 8n

8s

uo, tll
tlt,, 0perator relating scottered and pla.ne

r.rave states, TAppendix F)



( x¡)
xl
Y.-l-

Ymin

v"t

vN

1{

wr

Y-max

z

ZeI

Zmhn

z^t*

* L95

A9

- Operator representing the electromagnetie
interaction, (Âppendix F)

Operator for the nrrcleon-nucleon
lnteraction" (Appendix F)

- lfidth of slit in 82 baffles defining cali-
bration p-p elastic region. (Sec " V "2.4)

- Weight for Monte Carlo event proportíonal
to the eross section, (Sec. fV,l-"2)

- Lateral posltÍon of pr:oton bean" (Sec" IfI"2.9)

-) Functions of the r.nlol-fenstein eoefficient
) used in cross seetion ealeul-ations"

-) (Appendix F)

- Lowest vertical extent of the bean
proflle (Sec, IL3 ) ,

- Maximum vertieal extent of the beam
profile (Sec, II.3),

- Vertex position of pp$ event,

- Vertex positlon along bean direction of
p-p elastie calibratlon events"

- Lower Z-vertex positÍon cut-off" (See, IL3)
- Llppor Z-vertex posÍti-on cut-off, (See, IL3)
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B-l_

ÂPPENDTX B - PPSKTIüM4.ATICS

The definltfon of the variables associated

with the three parbicLes 1s given in Fig, B-1 for the

spherical polar coordÍnate system (SPCS) " The Z*axis is
defined to be along the beam dlrecti.on" Thc nomenta for
the l.eft proton, rlght proton and photon are labelled as

P,¡u E¡ and K respectlvely, The polar angles are defined

by the angles these monenba make with the beam directi.on.
The azirruthal angles ar@ me&sured fro¡n the X-axís in a

counter-clockw'ise direction" The non-coplanarity of the
protons is given by the auimuthal angl_es as follows

A+EéR-+L*1r B-l_

The vaniables for the llarvard coordinate sys-

1n Ffg, B-l-" The vector $o is the momentum vector for
the limiting klnemaûic case for the polar ang}es of two

protons" The Flarvard polar angles €¡ and õp are defined

by &he angle beÈween Ëhe proJections of Bt and !p 1n Èhe

X*Z plane and the Z-axls" The $ angtes are defined by

the angles made by Bl and !p wÍth theÍr proJeetlons in
the X-Z plane, The orientatÍon of the X-Z plane is ehosen

so that 6, = Þ*" The event non-copranariËy is defined
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Ftgune B*Ï

$ehema&åc dsagram of a pp6 cvent Ln 6he SpherfeaX Potar
Co-ordånate Syetern (SPCS). åI, and fu are the left and
råghe proton momentum vee&ors and ffie Èhø f*ray momentr¡n'
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Figure B*2

sehømat,l"c dÍagrem of a pp$ event ln the llarvard coordf¡rete
System" Itn RR-a4d K are the momenta for bhe- left proton,
"lghp Pf,otõn añd ð-ray. respectÍvely" q f s the momént¡¡mof the ð*raÍ for the llmftfng klnenatfõ-case"
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by õ = @L : õp,'

the beam clirection and the vector g = "44 - so. The con-

The photon angular variable used is W6 and

is defined relative to the li¡niting choton momentumn A

plane X'Zt is drawn paralle1 to the XZ plane passing

through the point of the Ko vector, The photon ncmentum

K is multiplied by a constant ad so that the roint of @ K

meets the N'Zt pl-ane. V6 is defined as the angle between

stant e{ is determined by setting g, : O" Let 8o and @"

(8o æ 75o and #o æ 9Oo or 27Oo) be the polar and azimuthal

angles of Ko in the SPCS. Then

3-2

Then Vy is defined as

= tan-l (o*/lr)

: tan-I (4K sin86r cos$y Ko sin8o cos So) B-3
()

Substituting for d and simplifyingr hle get

: tan-I, singS' cos$¿, sinfu, eot Ôo sin $6 ¡
() B-l+

The r¡ariables gg, and Sg, """ rjefined in SPCS.
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The geometrical eonstruetion shovring the definition of Vn

al.so indicatcs Lhat the experinnenLal resolution for th:Ls

quantity rvil1 deteriorate as the non-coplanarity j-ncreases,

Note that for coplanar events ( Sf = Oo or ISOo) V6be-

comes equal to 86.

The small monentum carr"ied avray by the photon

resnlts in three prominent features of the pp$ t<inernatics"

1'Lre oponing angle (eL + gR) between the two.protons r,rusl

alv.rays be less th¿rn 9Oo. Thus in principle, np8 events

can be unanbiguonsl.y separated from p-n elasL j-c event;s"

Seconcl , for all Droton fiolar angle conrbinations there is
a maximum value of the event non-coplanarit5r" In this ex-

periment, bhe nraximum ncn-coplanarity rraries from

6Ôm = 23 "670 for 18o * l8o events to Åð* : 5.2?o for

38o 3lno. Finally , for given values of the proton polÐr

an¡.les and non-coplanarit]'¡ the al-l-ov¡ed oroton energies

form an elliptical closed curve on an El üp nlot, Sorne

represienLative curves, of interest to thi-e experiment, are

shown in !'ig" B-3 " The photon Cirection changes for

dj.fferent poinLs on thc allowed kinemalic locus. The size

ofl the ring is rnaximum for ccpl-a.nar events and shrinks to

a point as the rnaximum non-copl-anarity is reached. The

shaded vertical lines indicaLe the low energy cut-offs of

the spectrorneter, The photon energy Coes nol increase
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FÍgure B-l
Some ropn€sentatåve kånematte lseL for eoplaner pp$ eventø
at ,+2 MeV lneldeng beam êûergfø The ehaded &re&s r@presen&
&he @nergy ex¡t*offe of the spectrom@tetr" These wer@
9*25 MeV for the l,øfÈ proton and L0,25 MeV for the rLght
pro&on,
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v@ry much heyond 6he lower cÌåt,-off poåab" Slnee momentum

must bø conserv@de even if the protons are both along the

beam directlon, &hey muet, have - L30 MeV/c momenËuro" ThLs

corresponde to a 25 MeV photon al-so paral}el to Èhe beam,

When the SP0S ie used for theoreticaL cross

seetfon calcutratlons, ktnenaÈic singularltfes res¡¡l-& i.n the

cross eectl-one for non-coplanar events becauee Ëhe photon

poi.ar angLe fs not eontinuous in the raelge from 0 Ëo tr ,

The HCS was defi¡red ln orden to d@fine varÍab1es that are

eonÈlnuous o\rar th@fr" allowed renge for al-l events,

FÍ9, B*Ia shovrs the kfnematfc loeå for (pr2p)

reaeÈfons on possi.ble eonsamÍnante åm the H2 Bas" EvenËs

for these reaetÍons do not hawe maxfmum Lfmf&s for lbhe r¡ofl-

eoplanarfty, The alÏ.owed loc1 for the D(psZp)n reaetåon ehow

some epread as &he poJ.ar angles ehange" Fon the other re*

aef;fons &he spread fm nøeå le eo emanï 6ha& for our prtrposee

they ean be aeeumod to lie on E st,naighb li.ne deffned by

&h@fr respeetåvê Q-ss1ü@se When Èhe kånematlt:e for the €oÍr.*

tamånante and for pp$ are compared, fË is seen that the

Ð(pa2p)¡E reae&åo¡r ana wÏ&(þshple13 r@aetlon (eo ghe cÏ3

gnound stete) do not serlously overJ.ap wi.th pp$ klnematfe

nøgJ"onss ao t,hey do ¡ro& pr@Eent serLoue problems. Reactåone

"" G12, oÏ6, H*& and to excf&ed sÈates or c13 do yåetr-d baek*

ground ln the ppd reglon and therefore mue& be redueed as

much as posslble*
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FÍgure B*&

Kåcremabåe locf fon (pu2p) reaetåons on some of' the posslble
conÈamlnan&s j.n the pþä experfment" For the D(ps2p)n re*
ectlon the poetrtfon of the kfnematle band depends on &he
pro&on poJ,ar anglesu Two exbreme eeses are showr" The
klr¡ematfe loef for the oÈher rea'ctlons ar@ nearLy i.nde^
penden& of the proüon polar angles and depend only on the
Q*ve1ue of Èhe reaet'Íon" The energy cuÈ*offs of the Epee*
&rometer ane shov¡n by the shaded atre&s@

D (P,2P)N
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APPE}TD]:X C - AIIGIIi,AR RIISOLI]TIOI{S

In this appendix the variorts factors ccntribt-rting

to the angu'tar resolutions are combined and the dependcnce

of the angrrlnz' resol-i,rtions on energy and angles is der"ivcd.

The various quantities used a.re defined in

Fig" C-l. The maxi-murn azinuthal a.ngle range seen ln either

horìoscopo ie about t 4Oo and the avera.ge value eloser to
*L5o " The ran.qe o-f polar angles is fron 15o to !t.5o. Thtts,

partiele trajectories mal:e arrerâge angles with the'. norrnall,

to the wi::e charnbers of -l-5o" To a first anproxinnation the

path l-ength of a narticì-e, DZ, can be renlaced b¡r p, the

sepera.tion between the r^¡ire ehaml¡ers, Then anproxinatel¡r

X P R sin8 cos6

YârR tanp
tanS : J*tan(èx *Efnmõõ

If 5f and 6Y r"e the uncertaint-ies in X ancì Y clue

sp,:rcing and n¡ultiple-scattering, then u¡e have

6(trn ê ) =

C-T

C-?

c-3

to wire

If o{ is the r"m,s. an;rrIar

direcbionu6X eAYtqn

6x2 : =""2+ 6# c-4

uneertaì-nt1r in the particle

[6v2 -Y2
T-? 

"T

I

l=
)
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c2

Z- axis

AB = Dz

Bf =D¡

Fî.A = (XAYA ZA }

B =(XsYsZs)
C =(XçYçZ l

X = XA-XB
Y = YA-Yg

c

X - oxis o

Flgure e-L

Schemattc dfagram of a proÈon traJectory passJ-ng through e
hodoscope " The observei f s directly over -the -b-eam 

plane
lookfne- down the bean dÍrection" ø 1s deflned by the angJ-e
betweeñ llne ÃT and lts proJectlon parallel to the XZ pLane"
(0, * ) fndicates Èhe polär and azfmuthal angles of the
traJectory fn the sPcs"
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Subetftu&ång ån equaËåon C*l+

À

r6Þr E _{# [r "ffiårk_l=

&4
ffiffi c*5

The orfgin of the uncertainty 1s co¡rtaíned

fn o< . The resü of the expressfesr Q*! is strietly a geo*

metrlcal faetor"

Uslng e sím1lar analysls for @ we obtafn

6o * o(eosg [t * (srnZo eosZè + elnze r*nzö) r"nze]å c*6

The anguler uncertafnty o{ ariees from the

cha¡rber wl¡ e spac*ng and multlple*seaÈûerfng in the material

between the beam and the rear w-ire chamber, The Latter ean

be separated fnto two par&s * $þs 50 F* MyJ.an foin parall-el

to Èhe beam, and everythtng eÌ.se" The dfetance of Mylar

t,raversed depends approximaËe1y ae l"/sln8 while the dÍs*

tance traversed through alL other media is nearl-y inde-

pendent of the directfon and vertex posit,lon, Multiple-

ecattøring has Èhe foi"Lowfng dependenee on partÍcIe energy

(E) and thlek¡reee (t) of materiaL traversed"

*{u= w c*7

The Con&råbnåt,lon of w'ire spacing to o{ f s nearLy constant,
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ff the contributions of vrire spacing, the naterlal from

the Mylar foil to the rear cha¡nber and the 50 Ì- My1ar

foll are added in quadrature, then

o( r! Ç^2*b2+ cz là C-8t æ'cJ
The dependence ou + in equation C-6 is so small it can be

neglected. then

6e æ e( coso [, o sin2g ."r.tr] å

The ratio of 6+Z6o is then

6ö: c-10
æ'

The polar and azinuthal angle resolutions for
p-p elastic events at g = l+5o have been measured under the

following conditions 
.,.

(a) I*2 MeV incident bean with no Mylar foil present;

(b) 42 MeV incident beam yt"ith Mylar foll present;

(c) 24 MeV incident bean with Mylar foll present"

the measured polar angle resolutlons were t 0"300, t 0"3850

and t 0"560 respectively. The azlmuthal angle resolutions

îere al¡nost exactly a factor of 2 larger, Evaluatlon of
g-IO at e = 45o yields an expected ratio of 1"63" The

reason for this dlscrepancy is only partially understood.

C*9
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Thus the obsenved ratio of resolutlons is used when €v&lìr-

a&Íng 6+ as & f¡¡¡rctlon of angles and energfesu rf o4, 1s

&he aregular resoluÈ1on for 42 MeV p*p elastfc events at @ * b5os

then evaluatton of the eonstante Ln equaËion c-d ylel.ds

J-
2

sin8

d&l
o

[,0.23Ðf
E (mev) /er

o

C*Xl

Q^L2

c-13

c-1r+Et*

The resolutLons &re normal-l.zed to polar angles of l+5o and

pargicle energies of 21 MeV, The results of equations

c-l'} and c*LZ yield one eËandard devÍatLon resoLutrons,

6s * "{" Ig eose [t " srnze tun2eJ å

6Þ* Zdo
ËïñF

+ (o,l9o)2 +
E12 {ã E'
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APPENDIX D - VERTEX ERROR RESOLUTTON

The vertex errors have two primary origlnso

These are the finite w"lre spacing 1n the spark chambers and

nultiple-scattering in the front chanbers" The contrlbutlons

from other sources can be neglectedl).

the geometric variables used are defined in

Fig. C-I. The vertical vertex error ís consldered first.
The vertex error along the beam directlon is simply related

to this provided the horizontal and vertical spatial reso-

lutions of the wire cha¡nbers are the same. If the contri-

bution (AVl) of each particle to the T-vertex error is
considered separately, then

(^vï>2 :Ê! 16n2try.rl]. Jrl D-1

./

o( is the angular resolutlon due to nultiple-scattering in

the front chanber and 5f i. the uncertainty in the spark

positlon" Dl is the dlstance fron the origin to the front

chamber and D2 ts the dlstance between the chanbersu both

along the particle path" Equation D-l is obtalned using

sinple lever arm effects" The eff,ects of nultlple-scatteríng

ln the front urire chamber, and wire spacing in each chanber

are added in quadratureo the results for the two particles

nust also be conpounded together,
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Thø vertex @s"trors have bwo pråmary orÍgLns'

Theee are the fi.nfte wlre spaelng 1r¡ the spark ehambers and

multiple-seatterlng Ín the front chambers, The eontrlbutfons

from oÈher aourees can be neglectedl) "

The geome&ric vartabLes used are defÍned ln
FLg, 0-l-" The vertieaL vert,eN error is considered flrst'
The ver&,ex error aLong the beam dfrec&lon is simpLy related

&o &hie provÍded the horiøonÈa} and ver&leal spatfaJ- F€so-

trutÍons of the wlne ehambers are the same' If the conÈrl*

buÈfon (AVy) of eaeh parÈlele to the Y-ver&ex enror 1s

esnsidered separately, then

(avy)a @ I 6rtz [ (ot *uorl3

LDf.
+ årf D-l

d fs bhe angul-ar resolutlon due to mulÈiple-scaÈteríng in
&he front chamber and 5y f" the uneerËafnty ín the spark

posÍtlon, Dl fs Èhe dietar¡ce fron the or{gin to the reatr

ehamber and Dp fs &he dleËanee between the chambers, bo&h

along the partÍcle pabh, Equation D-l is ob&alned uslng

sfmple leyer arm effecÈs, The effects of multfpJ-e*scattering

ln the front, wfne ehamber, and wlre spaeÍng in eech chamber

are added 1n quadrature" ?he reeults for the &wo parÈleles

must also be eompeuraded t,ogethetr,

* Df I
æJ
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Tm pråneåpïes<ÁVyltm equaÈ1on D*tr eoui-d be

@valuated for eaeh partiele de&eeterl fn the spectromet'er'

In praebf ce, i.e ie a relatLvel-y eompJ-lcaÈed fur¡etf on of bhe

measur€d quantÍtåes (wire ehamber coordÍnates) and lt i-s a

ttme coneumlng quantlÈy to evaLuaÈe on an event-by*€V@ht

basis, SÍnee &he purpose of derlvlng the fur¡ctlonaL de*

pendence fe to obÈaln a means of adJust'ing the measured

vertex errorss & number of simplifylng approxlmatlons ar@

made" It has been found emplrteally that a good spprox*

lma&Lon Ëo the dependenee of(ÁVy)on the vertex posltion

tKtOl/ @rror) Xe obtalned by evaLuatlng the extreme vaLues

of D*l- and assumfng a lfnear change wtth vertex poslÈlon

along t,he beam direeÈfon" The valr¡e of (åV.þlncreases by

a factor of 1,? goång from the 82 baffles (p-p elastic po-

sl&fon) to the 81 baffles (see Fíg. 2 5-n Chapter III)"

The multlple-scattering factor e4 also has a

t/n aependence. The effeeË on the vertex error of vríre

spaclng (lndependent of energy) and muLt*pJ-e-seatËerlng

has been lnei-uded by use of a Èerm of the form

(s2 + 'b2/Mf 'lb, ïn thie appro4imatlon, &he dependenee on

the partlcle direstlon in ea? (due to wire soacing) has

boen neglee&ed" SimlLarly, the mulbfple-scetterång in the

front çrlre ehambers is assurned Èo be fndependent of direc*

tÍon, The eonstaRts sae and 8be have been adjusted
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of the two

p-p elastic

<ÁY> za

where 7,

positfon

Z-vertex

2

P

21L

D*3

to gfve the destred Y-nertex error dlstributÍonn
If (Af ) is the quadrature sum of the effects

particles and (ATo) the Y-vertex error for
events at 42 MeV and l+5o polar angles, then

(Áï.) (r.T - g'?l rcnr;+pz + ou 661à D*z¿el I

s ?L Ef "EfãBK
is the vertex positÍon alrd Zel the everage

for p-p elastf c events defining (AYo) 
"

D-3

vertex

The

(arÞ
efnS

D*&

D*5

D-6

Ð-7

D-8

_<Ár>
flã"

( cse20, * ,**teR)È

(r"z - ffi¡'r
(0,3& P' * 0,66¡**

2(cscz@, + *""280)*à

error contrtbution (aZ¡ 1s neLated t,o(Áf) by

<az> æ

ThuE

<az>

Wrtttng

8(z)

h (E¡ eEp )

f (@t,8R)



, 2L2

D-/+

The¡l the adJusted vertex erx"ors u deff ned on an event by

event basiee are

DVZ = AVz f (et,OR) e(Z¡ h(EL,ER)

DVY = avy 8(Z) h (EI,ER)

D*g

D-10

Reference to Fig, 23 1n Sec" VIl"l"l shows t,ha&

the eorrectfon procedure used is adequate, Thls has aLso

been verifted by observation of the pp8 data, but the

number of events is smal-l-er and the st,aÈlstical error
larger"

Reference:

1, J" McKeownu Ph"D, Thesls 1970u unpublÍshed,
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APP!]T]DIX E - THEOF"ETICAL CP"OSS SECTIOI'IS

The cross sections calcrrll-ated uslng i'i. K" Lior;ts

conputer eode are surnrnarized here, The integrated eross

sectlons only are given. The ealculations as a funetion

of çl can be obtained in Ref. 1"

õ is the na-ximrrrn Ha:'vard geonretry non-eoplanaritr,,'m

AÔ- j-a the ma.xinr.tm spheri-ea1 geor:retr;' non-coplenaritlr"
'm-

@r is the relptive ron-copl anaritlr,

The angles specified at the top of ea.ch table ere the

Horvard geometry 6 angles (not the polar angles r^¡ith the

h^arn direction ) ,

References:

l. l.í, K. Liou, L, G. Greeniaus and K. F" Stren,
PPB-llot e 71-16,



2Ll+

E -2

140

"?Lo 4#* - 27 "6Lo

a ø /aø1dfL z

zzo

Aô* = 23.71o

a r /afi rdÂz
pulu"2--

r i,o¿T

= 3 "l+606^= 3

€r

ãnm

õ-r
,,b l sr?

df /dord 8z = o,3?88 yb/rcdL ac/aetae, = oo3L73 ¡ib/ra-ct¿

140 260 r¿lo 300

èrn = 2-8go a+m : L7 "8oo

o "03
O "21+o "49o,75
o "97

o,o3
o "25o,50
o"75
o "97

o,03
0 

"1.l+0"/+3
0.69
o "gg

d (r/dotct€z

L "5690L '7l.l+?r "9795r.800r
o "6465

0 "03o,26
O "l+9o"75
0,98

ër

0 "03
o "24o,52
o "76o,g7

0,03
o .29
0"58
0"84
o.96

a c/oorae,

r "2680t ,3 496
L "l+65l-L.273L
O,39bL+

6'n = 3'r8o

ër

Aè, : 20' 50o

ae /asat d ruz ¿ o-/osz1¿tuz

ub / sr2
14-

wb / sr?
- 

4æ

ris-/detd@z : o,22gL yb/radz d 6-/dotd Øz : o,1844 ¡rb/rad2

180 220

6* : 3 "h5o A$m = 20 'l+5o

r8o 180

6,n = ).630 aè* : ?3 "67o

I "01&3t.0587
r.1183
0 

" 
g4r7

g,7ZOh

L "l+925L,5364
L "79/.+l+L.7950
O "l+L57

= 0,38L6 y*/raa?

o "84650,8718
0.90/+0
o "7 b55
o .3 102

L "3733
L "t+892
L "59951.1193
0 

" 
4768

= 0,3 JCt) ltb/rad,z

d fr /dfr td-(a z
6 dn/dn-r dtuz

,'
- _ ¡:b/s4' - ¡rU/r*-



lgo

= 3,200

?L5

E -3

6*r

?.60

4Óm : L7"?5o

dÇ /df;,Ldñz
rtb/sr?

t8o - 3oo

2,9Þo 6Ö, = 15 .42o

dtr /drzr dãz
ô=tmö,n

õ-r

ô¡m
ër

tu
0 "03o.25
0.50
o.7 5
o "97

acr/oeraSz =

L 
"23L1+ 

'

l_ 
" 
2883

I .3 519
L "ru27
o "t+3t+o

'?O.3Ol+3 ¡rblrad' dr/derdez = ou 2651+ yt/rad?

0,03
O '21+0"51
o"75
o "95

r 
" 
1169

L.Ll+79
L.L7 56
o "9776
o "4358

lgo

= 2"650

3Uo

Aôn = 13 J6o

asr/40 tdre e

pb / sr?

lgo

= zJTo
- 380

¿4* : 11 "53o
ac /area dtuz

ttb/sr?

0 
"0¿ùo "26o.53

o "790"gg

arlaerao,

t,0&06
I "0628t "0595
0.80,l+B
o.3L26

= o" 2367 yb/radz

0,04.
o "250,5r
o,76
o,97

o c/aerae,

o "ggg5l-,0166
r.0060
0,8022
o '331+9

: O.?L26 yn/radz

õ*

@"

220

= 3.31o

220

¿sôm ' L7 "73o
d c /d.ß, dtz .t--- Z

p.b/sr?

220

- 3,100

260

Á€rn : 15 Jgo
drldrzld-r¿ 

?

pb/sr2

0.03
0,15
o "45o.75
1"00

¿6/aerooz =

L "395?r,h,225
L,5563
L "3Ll+9
0 

" 
3988

o "36L2 pb /radz

0,03
o,26
a.52
o.77
0"9¿ù

dc/d@1d62 =

L"3762
r "h.297L"k?''o5
L "L679o,5350

0,3480 p'b/rad,z
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El+

?20

= Z "85o

.^O)\)

¿€m = 13 Jbo

dc /a"F-tdgz

ub/sr?

' 2?o 340

6n : 2"580 o@rrl : II,5Oo

õ-r da /dflldtuz
vhfsr?

õtt

ër

0,04
o "25
O "l+9o "770"98

d Ç/døLdø2

L,3533
L "3956
L "3969I,0879
O.l+Ì+52

= 0u3311 ¡tb/radz

0 "04o,23
0,50
O,7l+
o.g3

d c/doldez

r .3484
r "3677L.351+9
r.to57
O 

"l+9/.+O

: On 3Og2 yb/tadz

220

? "?90

3Bo

AÔn = 9.830

6 ø /a_o tdra z
ub / sr?

t+zo

a6m = 8.290

d,r/dr:,Lda z

ub / sr?

4=
220

r "ggoõr=
õ*r

o,04
o.26
o "52o,7g
o,96

d0/dord82

L.371+8
t,)gg4
L,336L
r "04t4o,46L2

- 0.2977 1ù/tad2

0,05
0,25
0"50
o,7 5
o,95

d,a /dØLdø}

L.l+l+71
L,h57L
f.4o3I
L,LO26
0 

" 4504

= On 27gz yb/radz

4m

õ

260

= 2,g?o

260

¿@¡r = 13 .Î3o

dtrldtãtd@z

ub/s12

260

= 2*684

3oo

¿fm = 11 't+go

¿ a/arz, d& z
uø / sr?

0.03
o "r70"5r
0.86
o "gg
dc/d01ds2:

I,l+77V
L , Ì+969
r "5230
O.93/.+7
o "3230

o.3?38 yb/radz

0,01+
o,22
0 "490.71
a "97

da/dtldoz =

L,5659
I 

" 5860
1 

" 5814
L "33370. t+604

O,3?26 yb/radz



2L7 *
E'Et))

Þ=
m

260

2 "iLo

3lno

& : 9,820

¿ ç /ar¿ rdâ z

ub/sr?

3go

^êm 
= 8.270

o c/dú2.rdr¿z

ub / sr?

260

2 -L20

rr

0,2r
0"41
o "62
0 "83o,95

d (r /dotdoz =

L "6787L,667 5
I " 5114
L,0527
o "5596

O "3728 yb /raaz

0 "05
O 

'21+
O "l+7o "7Lo,gt+

dtr,/dgtde2

1 "gl0gI '815/+r,7 56t+
I,39I0
0 

" 
6l+88

= 0,3685 pb/radz

õom

rr

260

= I,8Io
t+zo

¿@m : 6.830

doldøldßz
ub,/sr2

6*
3Oo

= Z tt+5o

300

¿Sm = 9.8Io

o c/dszr d&z

ub/sr?

0 "06o,22
0,50
o,72
o,99

dtr/dord oz =

2,O37b
2 "O384|,935r
L,5772
o "62Lvz

O.3??7 yb/radz

0,0¿l
o,21
0 "610,82
0"98

d ú=/d8Ido2

r "7793
L "7977I,6201
L.L57O
O "l+5O5

= O" 4o5g yb/rad,z

3oo

= 2"180

- 3Uo

6êm = 8"2?o

d 6-ldr¿1d&z

ub / sr2

- 380

AÔ* = 6'820

d tr/dÁald-ç? 2

wb / sr?

ð*:

300

t "880
,þ
'm

rr

0 "05o,23
O 

"l+6o "73o,92

o s/aora o? =

?.0233
2 "0247l 

" 9601
L,5267
0.8314

O,t+265 yb/radz

0.05
o "27
o "53
O "71+o"96

d tr/de]de2

2,3539
?,3bzL
2 "L7L7r,6990
o,7L56

= O" t+h.j2 3rb/radz
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E6

óE"m
6

300

L.560

u20

Aêm = 5,l+60

d ç/d-Ç. Ld&z
ub/sr?

õ*
õ

0 "06o,26
0"51
o.77
o.96

2 "871+8
2 "8569
2 "66Lt,.
L 

"91+73
0 ,85 50

0 "05 2,l+695
0.26 2,b576
0 

" 58 2,2038
o.79 L "6L77o.gb o "6576

dr/detdOz = o"l+718 yb/radz

3t+o

L.260

tt2o

¿Þm = b"L5o

d a/d-r¿ ldf2 e

ub/sr?

0,06
o "25o.50
a.75
O "91+

d 0-ldeIdo2

o.08
O 

"21+o "56
o "79o.g5

d c/'c8ld02 =

3 .L?TT
3 "Og4g2.8817
2,Il+23
r "0120

t+"2829
l+"21+97
3.7937
? "6329I ,2480

0 
" 5886 yb/radz

öm

ør

3go

= 1"280

380

6r = o 'g2o
6*r

b20

Aè,n = 2"880

dc /d.tLLda z

ub / sr?

= 0" 5222 yb/rad?

380

AÞr = 4'r5o

df /dtLrdrJ z

Ðb/sr?

0.08
o "23o,55
0 .79
O "91+

dfr/doldoz =

ü'"t+33L
4 "3865
3 "9L79
? "732L
A "961+5

o "6053 yb/rad,z

7 "t+328
7 "268L6,5842
l+,8o71+
2.0373

0 .11_
o,33
O "5/.+o.76
0,98

dc/deldØ2 =

dc/d}Ld}z = O. t+?O7 yb/radz

ò='m
õ-r

3Uo

r .600

3go

AÓm = 5"460

dcr/dú?-1d.r)-2

ub/sr?

3t+o * 3uo

= 1,910 ¿Óm = 6,820

¿a/a-r2.rdez

ub / sr?

o "77gQ yb/radz
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APPENDIX F BASTC THEORY

The basic DIdBA theoryu first developed by Sobel

and cror""ll 'L7) u is presented, Praces where serious errors

have occurred are noted and refinements in the procedures

indi cated "

The total Hamiltonian of the system Ín lts
various useful forms can be given by

H = Kl+KZ+KgoVruoVu*

= HN*KS*V"*

= H +V_.+Vol\em

Kl, KZ and K6 are kinetic energy operators, V* is t'he nuclear

potential and Vsr is the electromagnetic j-nteraction due to

the coupling of the proton currents to the electromagnetic

field, The Hamiltonian for free nucleon-nucleon scattering

ís given by H¡¡ and the free partÍcle llamiltonian by Ho, In

the followlng analysis we regard H* as the unperturbed

Hamiltonlan and (Ve, + I{ð) as the perturbation" The per*

turbatior Vem ls given by

F*1

(¡rgrg lv", å grgzg) = <r I v"* I iþ

: _{ã_Ça (gr) d (gz-Ezl 63 tg,.-5-Er)
ztrm {K"[

* n (ge I 63 ttr-Er ) 63 (gr-[-Er)l F-2



22O @

F^2

F-3

Where

a(q) = g.ê * þ"ê"(K x g)
<.y

n(g) = q'ê " åï'pê, fiU-$to.ryffr . c'3

m is the proton mass, ¡rR = 2"i19 is the proton rnagnetic

momento and G- is the proton charge"

Liou and Cfro33 ) h"o" obtained the relativistic

spfn correction by applying the Fo1dy-Vlouthuysen (f-w¡

transformation to the Dirac electromagnetic interaction

Hamiltonian, Keeping terms to order .-2, th" form of A(g)

is modified

r-4.

let S be an eigenstate of Ho and W an

elgenstate of H¡ for the same energy E. Then

(E*HN)q=o:(n*Ho)# F*5

The state Þ ""p""sents 
a olane vrave state. The toüal

scatterlng states wlth either incoming or outgoi.ng

spherical- waves ( W+ anA (gr-) are obtained bJ' introduction

of a pole indicaLor t] which is assumed to approach zevo from

the positive direction. Then

+
qåJ "

å

:#* 1 vn& F*6
E-HN*tq
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Two Greents function operators are defined by

o*(E):(E*HN+i1)*1

Go(E)=(e-Ho+iq)-r

AIso we define

UN(E) =I+cN(E)Vl¡

It is then easy to obtain

-L

W' = uN(E) Ö

e*u$

where î denotes Hermitian

The T*natrix

Td= o* Vo = v¡¡u¡g Ó

A more convenient relation
through the use of operabor

where Go(E) is the zeroth order Greents function"

UN=t*Go1n)T¡rl

For ease o-f notation we

states by I i) for the initial stérte e

and I m) for the intermediate states,

conjugation.

is defined such tha.t

between U¡ and TN can

identities

T-7

F*8

F-9

F-10

be obtalned

F-11

shall denote plane waves

[f) for the final state

Following schifr3T) vre
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write for the DI,{BA approximation

(rltli) : (rlrrulr) + (Wilrr o v"r[ Wi) F-Lz

The energy of the unperturbed initial state is E(!frpZ)
and of the final srate Et (girpå). The disrorred waves

Wf "nA W! are those of the two-nucleon system" From

F-9 and F-11 we obtaj-n

(rlrli) = (rlr¡li) n (rlufi{rs*v"m)uNIi>

= (t[rN * Lr*r*{n')co(E')][*r*u"J,fr+co(E)rn(Ex l r> 
t*13

0n the assumption that v¡¡ (and therefore Tl¡) is dia5lonal in
the photon statese then we can write

(rlt li) = (r T t, * vu* * vu*Go(E)TN(E)

TN(Et)Go(Et )v"*

n rN(n' )co1u' ¡vu*co(p)rN(El T i)

The first term describes normar nucleon-nucleon elastic
scattering without photon emissj.on" The second term de-

scribes photon emission without nucrear scattering and is
not kinematically arlowed" The third and fourth terms are

bhe pole or single scattering terms and represent photon

emission after and before the nuclear scattering rêspêc*

tively" The finar expression is the double or rescattering

F*1li
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term and descrlbes photon emission between two nuclear inter-
actions. These last three are the ppff terms" Standard pro-

cedure has been to neglect rescattering, To obtain pp8 cross

sections, the other relevant parts of the expressíons are

evaluated 
"

(rl r li) : ã <r[r¡¡tm] Go(Em) (nr[v"r[i)
F-l5

*f 4rIv"rln] Go(nn) (n[rNTi>
n

The $-functions introduced in the evaluation of (mtrVurliÞ
and (flV"r[n) result in 4 terms that corresÞond to photon

emissi.on by one or the other of the üwo protons before or

after nuclear interaction. The possibilities are described

by the followlng four expressionsu

(a ) ta : fti,eå lt*llr*,!e)
(b ) tb : êi ,lå |tnn Ier,pz-{)
( c ) r. : (giogrlå lrn¡ lgr rpz)

F*l-6

(d ) td = (ei ,lå*g\t* lgr,pz )
The energy denominators that result from Go in these four
dÍfferent cases âFê nofl-relatlvistíc, For example,
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(a ) yields

Go(Ea) = AE" : e(J,I-6) + e(pz) (E-l()

: 
fol p1-z¡t"Yx2*p7) - E + K

:K-Pd[+Kz F*r7
mZm

The term X2 /Z^ is very much smaller than K. Then the ex-

pression F-17 is very close to the relativistic form

ana = #o¡ror¡,

For a}l four terms together we have

AEu = *n*or*

AE¡ = *nroru

Ån = *ÀK o"' 
F-18

- c mP'rF

Ás¿ = - $xnnå¡,

Use of these facLors in relativistic form reduces the non-

covariance of the calculations. Thus we have for the total
T-matrix element

*l tlù = Æ-:-ft"an"n(g,) * tbaoo"r.(p,)
2ff,m {fd

+ n(gi)t"Ar" + n(gi)toano
F*l9
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The mabrix elements È* (x = âp be cs d) can be written in
terms of the off-energy*shell eenter-of-mass scattering

matrix Mx(EeEt ) " (Actually the tx are matrices in spin

space") The quantities E =&i and k8 @ kf are the relative
momenta between the two nucleons in the initlal and final
nuclear scattering states" The relation between t* and M*

is given by

. Ivi (k ^kt )t* = - "XtëX93*¿ (3/^t*-t
^ z*fi: 5(Pr+!e+E*!r?e¡ F*20

where x = a, b, c, d" Substltuting in equation F-19¡ wê get

4ttl ù : ffi n *{siosi+a-Fr-pa) F*21

The cross section is obtained from l(ftTli)[2 averaged over

the initial nroton spins, summed over bhe final proton spins

and summed over the photon polarizations since these are not

measured, It is then given by

dff = 12f= (Èt"{q)# tpi.så+r-Br-gz)
Ttr''m'PtK

F-22

" 6{Er-Ei ¡ o3pia3p )a3x

The laboratory incldent proton momentum P, arises from the

lncident proton flux and is valid in the rion-relâtivistic
Iimit for both the laboratory and center-of-mass frames of

reference u
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In evaluating (F*f9), SC used laboratory momenta"

This resulted in the wrong cross section values being ob*

talned" Omissi,on of the double scattering terms results in
a non*gauge invari,ant theory" The reader is referred to
Signet1l8) for a detailed discussion of this error,

0n the energy-sheIl the scattering matri* M*

has a well known expansion in terms of the Pauli spln oper-

ators and the Wolfenstein parametersS4) " This can be gen*

eralj.zed to include off*energy-shell situations" pCOl6)

define the three nerpendicular unit vector-s in the center

of mass as

,^/a
fr= Îi-kr î=g4

A
11 = ki xke

-_-=___: ,

tti "lrl

þ^kiokf F^23

lrt - Itl
ïn some applications, coplanar scatterÍng in particular, a

more convenient choice of fr unA t can be found" The off*
energy-sheIl M*mâtrix is not tlme*reversal invariant and

an additional term which changes sign under time reversal
must be added to the ülolfenstei-n.expansion, The l{o}f-
enstej.n parameters A, B, Ca E, Fe G are scalar functions

of the kinematic invariants fcf , kf? and kr,Ef , t{e have

14* = Ax n Bx($f 'â)(qr.fi¡

o Ex(n'â) (gäfi) +

g Gx (g_.â)(gr.i¡ +

* cx(grâ o gz,ä)

Àó|
F* (!|r'r ) (92'r )

(9r '1 ) (g, "ff ¡

¡r'-ET

F*21+



?27 *

F*g

The plus sign is used for x = â, b and the minus sign for
:

x - c, d, The six amplitudes can be expressed in terms of

the singlet-triplet elements of lt{*" The reader 1s referred

to the papers by Sc17) and PGD16) for a more detail-ed dis*

cussion of this part of the analysis and the actual eval*

uation of the coefficients,
tn sc17) ta is shown that for coplanar scat-

tering and choice of ñ along the photon direction (? i"
aLso redefined)

A^'4e = rìcosÞ+ I sinþ

(r x t¡ : K(l co=þ- â sinó)

We then have 1n equation (F-3)

F*25

A(gx) : p*.â cosþ - åK¡o(&'î cos$- &.1 sinÔ ) p*26

Using equati-ons (T-21+), (F*26) and (F*20) in
equati-on (F-19), we cen easily group terms and fÍnd

16 16sinôÃ xioi * cosô €, riol = (rfrlt) F*zz

The 0i are the 16 independent bilinear operators formed from

r u gt'â, gz 'â o g't ,ff, gã .fi', gt .1, gr't, ïr can be shown rhat

the 0i satisfy the relation
tr(otoj) =46t, F*28
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The eoefficients are linear combinations of the

amplitudes divided by their aporoori-ate energy

It turns out conveniently that eiüher X, or Yi

The sum over photon polarizatj:on is performed

( +r" *?tn> = *,[. # +r' ofn
Õ

From equatlons (F*27) and (F*28) we obtain in (\F-22)

l6dff=_#'Ë'I',l,nlT,l'64{r,.n,)¿3p'a3p|o3r<F-3O
T[om'PtK

The desired form of the differential cross sec-

tion can be obtained by a transformation to the desired

variables and lntegration over the unobserved parameters,

In this thesis we use Lioul s predictions for the Hamada*

Johnston Potential. His result is caLculated in the form

a3€: = @c 
"/ Ltr?fø\ r'

ãfq@ããrwl æE.KV t{/
I

F-31

The phase space factor F has been derived in Liours Ph,D,

thesi"J6),

l{olfensteln

denominator u

:

ís zero,

F-29

cedures

souut34)

An excellent summary of the theoretical pro-

used is contained in a preprint by Liou and
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R.FÊurTs

A Ëypieatr @xemple of bhe ds crogS
dnadrÀad qt

@@e8lon f,s gåven ln FJ.g. F*I(a) for E@veral velues of the

non-coplanarity Þ* of, &he protorlsø The eross eectlone have

a quadnrpole form for the nearly eoplanar e&ses (€, * 0) 
"

A Èyplcal example of the dr/Aflld(l.e cross eeetåon obtained

by integratlng Equatlon F*31 over Q/6 le shown in Fig. F.-I(b)

by the dotted eurw@ (See equa&Íon II*13 1n Chapter fI) " The

smooth curve ex$endlng pasÈ @r - I ehowe Èhe effee&e of ex-

perlmental angular resoluti"ons on bhe obeerved eross see&fon,

The dcr/deldg, eross eeetlo¡rs ob&aíned by a

further lntegraÈlon of #, are shown in Fig, Y*2 es & funetion

of the opening angle between the two protons, The vanÍous

eurv@s are for different vaLues of protore poLar angle

asymnef ry"

A few com.¡nente here are pertlne¡¡t, 0eeasf.onally,

due to nurnerleal enrore ln Èhe eompuËer eode, the polnts

sxear Vf * 0o, 1800 and 360o eould not be ealcul-at,ed, Thle

wae due to mfnor lnaeeuraeies fn determfnaÈio¡r of the kln*

emaÈ1e parame&ere of the ltmitfng gamma B'å9, These polnts

have been extnapolated from the shape of the distrlbuÈion

and nay be ån error by as mueh es 5 * LAIí" Sfnee the cross
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F-l_2

900 180" 270 3600

Õ, = O.O5

@n = o.zg

Õr = 0'46

E = O.73

Õr = o.92

t.5lo

(a)

(b)

300 - 340

\\ lli )r-.-,/- iv/\l---- - ì..Y'

Vy ( Degrees )

300 -34"

\.

\

0ot
o.5 2.O

@, = (AélA+mox)
Ffgure F*l

Dtagram showÍng thq depenrlence of the pp$ ec/A{a1dfÀrdW6
cross eectfon on tVg: for several values of non* - &

coplanarity Þ-. The shape of the curves !s typÍca}
for proton polar angles other than 3Oo*34o"

The dot-t,ed LÍne glves the theore&Ícal dependence of Èhe
ppö eø/d0- dl2ç õross eectíon on the non-coplanarity Ë*.
The solld Ïlne-extendfng past ê- * 1.0 shows the effect
of experlmentel angular resolutlons on lhe observed
dietribuÈ1on" In tnrs case 6Þ* = A"2b6,
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4452æ
0,* 0, (DEG)

Flgure F*2

The integrated ppd cross section dØae1aO2 as a functlon
of the opening ähgLe (gf+ge) between tfie þrotons" ThevarÍous curves sre for different asynrmetrÍes I e1-02 I ln
the proton polar angles, The solid llnes are tõ gulde
the eye on1y"
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scctions are sma1l at these noints, neglieible error'

,4t-i,) is introclucecl j-nto the integrated cross sections.

The eo¡lanar eross secticns crroted in the su.rrnar:¡ v¡ere

c¡lerrl-ated for õ : O.lo, The ppf cross seet.ion is nearÌy

f-l-at near zero coplanaritlr so again errorfl are negligible.

The v¡lne of 6 : Oolo tlpicalÌ¡, eorreeponCs to a relative

non-eoplana::it¡,r @rHt O "O5.

References:

See Lic*- of References after Chapt-st 1t.
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STIMMARY OF CROSS SECTION MEASURUUIENTS

The nunerical values of the 66/df¿lafItaVy
and Èhe ar/dflldflZ cross sections, presented graphfcally

ln ChapÈer VIfIe are glven ln thfe AppendlN,

Table c-I gfves the ¿s"/df¿1dfÀrdÇf results

as a funct,lon of Vd " Polar angle båne have beon comblned

wherc possfble to lmprove statfstlcs and the eross sections

for symmetrfe polar angle bfns in the half*range

LSoo

(weigh&ed averages) wiÈh the eorresponding polnts fn Ëhe

sther half-reñg€y 0 ( Vn S I80o" Thq eross seetÍons are

deflned by equatlon IV*X6 wlth Ër { O"7.

Table G*2 glves the AC/d(AfdQe eross seetlons

as a functlon of @*, deffned in equatl"on lV*L8" Agafn

poLar angl-e blns have been combined whene possible' The

uncertafnty Ín bhe net ¡rumber of ppf events in bot,h tebles

ls purel"y statlstlcal-*
The uncertalnty 1¡r the cross sectfons has been

obtained by compounding stattstLcaL uncertaÍntles ln Nppg,

€o and €t fn quadraturs" There l"s an addftfonaL normal-

*satton uncertainty of * 3.9/" common to all noínts, which

1s not lncluded in efther Table G*L or Tabl_e G*Z"
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Table G-&
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Table G-l

l.0,00
3 0,00
50.00
70" 00
90 "00[10"00

1 3 0,00
150, O0
I 70" 00

r+)6

gz - l-8o

t. UNCERTATNTY
PER SR**2*RÁD

0"245 l34"Zl
0,13ó { 55"U!
0,016 ( 94,3)

100"Ël
170.zl
52"2

235

G-3

Lgo

0"017
o.L24
0,105

| 33 "7"q 22"7"
( 27 "Zl
EVENTS=

t UNCEP.TATNTV
PER SR**Z*RAD

0.054 { 32"ß
0 ,o72 I 2B,7"

NET EVEIITS

0"118
0" 081
0 "0ó9ÏOTAI. NET

CROSS SECT fON
M TCRCIBARNS

0"517 +
0" 359 g.

0'L29 +
0,L75 +
o"o72 c
0, 141 +
0,300 g
0"163 +

0"243 g

CROSS SECTTON
MTCROBARNS

0' 1ó7 +
o,258 3
0,L78 +
o" o51 9.
0.0 71 I
0" 091 t
0.227 +
0"260 +

Q"274 +

0. có9
0"033
0"04c

NET EVENTS

24"'I
27 "6L4,4

5" 9
8,6

39, g

64 
"',z5'l,z

0"048 { 53,'4l- L2"3
0.048 ( 2¡."ð) 34"8
0"046 { lg.g} 36,7

vs
10"00
30,00
50,00
70"00
9C" 00

Il0"o0
I 30,00
I 50"C0
I 70" 00

V6
1 0,00
30,c0
50 "00
70" 00
90 "00110"00

1 3 0,00
1.5 0,00
l 70" 00

g"æ
I

CROSS SECTlol.l
M fCROBARNS' 0"730 +

O '248 +
0" 0I7 +
0"017 +
0'073 +
o.2o2 !
O "354 +
0,36ó +
o "256 t

OL = 2?o BZ = 2?o

+ UNCER.TAINTY NET EVENTS
pER SR**z*RAD

0"10ó ( 21..U¡ 45,4
0"11ó I 32,21 26,O
0"078 { ó1"ã} 5,1
0"155 { gg.zl 3,6
0,058 { Bl"Ëb 4,8
o"o75 ( 53,U! tl,2
0,0ó3 { 2}"9} 40"4
0.051 { 3L.u} 30,3
0,05¡. ( zL"?ol 40"2 _

TOTAL NET EVENTS= ZOZ" rT"g"T%

ol = 26o BZ = ?6o

25,7
L4,7
5,0

-0, 3
1"8
g"g

20 "940.0
z!_-o

tr 51,5 t LL.3%

0.049 { 18"-ï} 18.o2--
T OT AL N ET EV EN I S= 203.2 * 7 "OIÁ



Tabl-e G-}
( contlnued )

1o"00
30" 00
5 0,00
70" 00
90,00

110"00
I 30"00
150 "0017C"00

t{6

* 236

Gl+

8* * 3Oo 9, = 
'oo

CROSS S FCT TON t UNCERTAÍ f'¡TY NET EVEN TS
MTCROBARNS PER SR**2-RAD

0,283 g 0" 067 { 24"4b 2L" 6
0"374 + 0.075 ( 20,231 30,0
o"32I + 0,074 q, 23"?"b 22"4
0"275 + 0" 0ó4 g 23"2N 20" 3
0"117 + c,046 { 39,äl 8"9
o" L25 + 0,042 í 34"Ål 1.0, 3
0"364 + 0 "0711 ( L9 ' 8, 29 "50,390 + 0"072 ( l9"ll 30,3
0"259 + 0,062 { 24,7ty ZQLL_*

TOTAI. NET EVEITITS= }93"8 T 5"5i¿

81 * 3t+o @z = 3/+o

CROSS S ECT ION
Wv M tcRriBA RNs

I 0"00 0.359 +

30"00 0,419 +
50" 00 0,38ó +
70.C0 O"29-l +
90,00 0" c85 +

110"00 0"564 -t
130" 00 0" 447 +

150,00 0"452 +

I 70"C0 0,608 +

+ UNCERTAtrNTY
PER SR**2.RAD

0"I28 { 3ó,ã}
0" 127 I 30"8)
0"I29 (,34,ß
0.111 { 3'1.70
0.063 I 74,'Z
0.149 4 26"21
0,13i { 29,7"x
0,135 ( 30"Ël
0,153 { 25,21

f Of AL NET EV EbtTS=

N ET EV ENT'S

l0.B
11" 0
x. 1,1 /

9"7
2,4

15,7
12, 0
L2 "4ió*CI---

loo"L t 7"5/o



Table G-l
( contlnued )

[0.00
30" 00
50,00
70,00
9C,00

I !.0.00
I 3 0,00
I 50. 00
170"00
190 "00
21.0" 00
230"00
250,00
270"00
2 9C" 00
31. 0, 00
330"00
3 50,00

CROSS SECTTON
MTCROBARNS

0"365 +
O"430 +
O" 433 +
0"173 +
0" 141 +
0.143 g
o,261 +

0" 289 g
0,312 +
0,203 +
0"279 e

-0,0[1 +

0.063 +

-0 "002 +

0'01.5 +
0'0 +

-0"040 +

0" 005 g

+ UNCERTATNTY
pER SR**Z-RAD

0"208 ( 57"9Þ
o,L23 t 29"Ãt
0.133 { 3l,u}
0 ,076 I 44,?o\
0, 089 t 67"%t
0"052 { 36"ãl
0.057 I 22.ßl
0, 065 | z).Zt
0 ,069 {, 22 "Zl0"095 { 47".2
0,101 { 36,u

-0,01x. { 1o0,8
0"075 {ll9,x

-0.002 {100"'¿}
0"015 { 100.u }

0"0 ( 0"'8!
-0 "040 ( 100,u !
o,005 {100"1}

TOTAL NET EVENTS=

NEÏ EVENÏS

237

G5

81" * 18o az * ?2o

L4,7
27 "625, T

22, O

8,9
ló.8
35 "3
40" 2
39,6
18" 9
!.6. 2
0,0
r,0

-0"3
1"0
0,0

-1" 3

-0.3
z oãlõ=5-rr 

" el6

8L * L8o @2 = 26o

ryy
l. 0,00
30.00
5 0.00
70,00
90"00

I 10,00
1 30,00
15 0"00
170" 00
1.90.00
210,c0
230.C0
2 50 "00
2 70,00
29 0 "003IC.00
33 0.00
350,00

CROSS SECTIOI.¡
MTCROBARNS
-0.00 1 t
o.253 g
O"245 g
C"IIB g
o.083 +

0"186 +
0"219 t
0 "228 +

O"2OZ +
0"2O4 g

-0' 008 +
o"0 +
0'0 g
0"0 +
0"0 +

o"0 +

0,0 +
0'0 +

g UNCERTAINTY
pER SR**z- RAD
-0"001 {1.00"?i}
0,130 ( 5I"l!
0 "082 { 34"8\
0.048 { 41,U}
0,056 l, 67.701
0" 05 0 I 27 "'¿',|0"051 ( 23,21
0,075 { 33,2'
0.1.73 { 86,ã}
0"176 { B6,U¡

-0,008 {100,8}
0 u0
0"0
0,0
0"0
0,0
0"0

( o,z¡
{ 0"u}
{ o,ulq o"gD
{ 0"2I
{ 0"u}

NET EVENTS

-o,2
8.5

19, 9
L2.6
5rg

22.2
23 "72L,5

607
ó.1

-1,0
0,0
0,0
0.o
000
0,0
0,0

0'0 ( 0'U! -A-CI---TOTAL NET EVENIS= L25"9 * T8.3iÁ



Table G-l
( continued )

238

G*6

8, * I8o Ø, * 3Ao

CROSS SECTION + UNCERTAINTY
MICRCIBARNS PER SR**2-RAD

0,0 { 0.1í }

0,04ó {100"u!

vx
0"0
0"046 +

0" 090 +

o "L32 +

0,L29 t
0,087 +

o,308 +

0"184 +

0.075 +

0"0
0.0
0"0
0,0
0,c
0"0
0,0
0,0
0"0

0,048
0 "0930,076
0 "0810"099
0"109
0,055 {

0,0 q

0"0 (

0"0 {
0"0 {

0,0 {

0"0 {

0,0 {

0,0 {

0,0 (

0"081
0,059
0,049
0. 047
0 "0360,040
0"045

53 "Zþ70.2þ
59"z
g3.E
32"2
59 "Z
13,2

0"8
0"1
0,u¡
0,8!
0,8 $

0,9 )
o"z
0"8
0"9

{ 34, l}
g 24 "Zi28,Ë!

2+,8',t
37,7,b
34, Å'
24"21
L-l "7"b16.ã)
23"4b
22"2'
43 "Z\

NET EVENTS

o"0
0.7
6.2

L'i., "26"4
4"7

13. 9
9,0

10"4
0,0
0,0
0'o
0,0
0,0
0"0
0"0
0.0

[0,o0
30"00
50" 00
70"00
90,o0

¡.10,00
130,00
l5 0,00
1 7 0,00
¡.90.00
210"00
230.00
250"OO
2 70,00
290"oo
3 I 0,00
33 0 "00350,00

Ly*
o

l0,00
30,00
5 0,00
70,00
90. rJ0

I tr 0,00
L3c,00
tr 50.00
170,00
[90"00
210"00
230" 00
25 0,00
270.00
290"00
3I0"00
330" 00
350,00

+
+
+

g
L

Â

t

t

@z : 26'

+ UNCERTATNTY NET EVENTS
pER SR**Z -RAD

CROSS SECT ION
M T CROBA RN S

o"236 g
o"25I t
0.1.77 +

0. l98 +
0"112 +
0" 117 +

0.190 +

o"293 +

0.338 t
0'l-94 +

o "287 3
0,157 t
o,342 g.

0,c14 g
0'173 +

c,029 +

0' 075 +
o' 164 +

e- : 22o
.x_

T 0T At- N ET EV EhlÏ S=
-0*0--62,6 t 2t"31Ã

22" 6
34,9
23"8
28" 0
L4,9
I8. 0
28,9
49,5
50,3
29 "436,3
14. I
6"7
l" B

2"8
2"O
0"6

14*-8---
37e".4 * g"gÍÁ

{

{
(0,051

0,054
0 "0440,062
0"067
0.186 { 54,8}
0, 014 ( 100" g 3

0"141. ( 82,',B!
0"020 ( 7["1]
0"1c3 (13B.il
0 "092 ( 56. )ä )

TOTAL NET EVENTS=



TabLe G-l
( contfnued )

âË"l-

CROSS SECT ION
Vv M tcRoBARNs

10,00 0' 026 +

30,00 0 "278 !
50" 00 0"702 +

70.00 0'133 +

90,00 0. CBO +

1lo,o0 0'168 t
r30"o0 0.185 t
150,00 0"26-r +

' 170"00 0'311. g

190,00 0'242 !
2 10,00 0 .404 +
230,00 0" I02 +

250"00 0'0 +

270"00 0'0 +

2gc,00 0.0 g

3 10,00 -0' 001 +

330,00 0' 0 +

350,00 -0'03ó !

1o"00
30,00
50"0c
70" 00
90,0c

110"00
I 30;00
15 0.00
I 70, O0
190,00
2t0"00
230"C0
2 50" C'0

2 70" 00
290,00
3I0.00
330,00
3 50" 00

8-'*
T

cRoss sÉcrf0N
MTCROBARNS

O "O42 +

0'l14 +
0,087 +
0, 1.64 g
0,135 g
0,120 g
0, I l0 +

o"250 +

0,056 +

0"083 !
0,023 g
0,0 +

0"0 +
0,c g.

0.0 +

0"0 +

0'0 +

0'0 g,

@239*

G7

220 82*
+ UNCERTAÍNTY
pen sn*+e-RAD

o,024 {

0" 079 {
0"050 {
o "044 {
0,030 {
0 "045 (

0" 048 {
0,058 {
0,0ó6 {
o ^o74 {

c ,225 I
0,093 {

0,0 {
0,0 {
0,0 {

-0,00 1 {

0,0 (

-0,036 (

TOT A[- NEÏ

4.9
2L" 6
2L"3
I3"ó
L7.3
21"0
2L" 5
29 "729. 4
22,2
10,4
l' 7
0'0
0n0
0.0
0,0
0"0

=l*0?.L3,6 * L2,71Ã

3oo

NET EVENTS

91"8
28"2
25 "Z
33 "Zl3B,U)
2-l .2,
26,21
22 n?"1
2r"ß,
3l,u¡
56"Èl
9I"ãl
0"8¡
0"gl
0"gl

100"9¡
0,31

100,2¡
EVENT S=

220 @, * 3t+o

\tB
+ UNCER TAX NTY
pER SR**2 *RAD

0,034 { BL"8}
0 ,079 { ó9,3 }
0"077 { 88,Ë}
0,076 { 47"9}
0.080 l, 5s"7"1
0"060 { 50,9
0 "054 { 49,8
0,069 l, 27,&
0"128 {229,',E
o"o53 { 64"U}
o"023 { 100,8}

NET EV Eh¡ TS

0,0
0,0
0,0
o"0
0.0
0"0
0"0

{ 0.'ð ¡
{ 0.u}
( 0,Bl
{ 0,ã}
{ 0,u}
( 0"'B¡( 0.99

l,I
3n3
4"2
9.3
5.5
4,5
6,7

L4,4
5r 0
3"V
1" 0
0"0
0,0
o"0
0,0
0,0
0.0

-0-Q--58"8 t 20.LoÃTOTAL NET EVENÏS=



Table c-l
( continued )

ur
1o "00
30,00
50.00
70,00
go" o0

L lo"c0
130.00
¡.50"00
I 70,0c
190,00
210,oo
230.00
2 5 0,00
270, O0
2 90.00
310.00
33 0,00
350"00

[Ll.B

10"00
30"00
50,00
70"00
9C,00

lLo"00
1 30.00
l.5 0,00
17C,00
I 90. 00
2t0"00
210.00
250,00
2 70,00
2 90" 00
310,00
33 0" 00
35 0,00

2l+o *

G-8

8, = 260 8, = 30o

CROSS SECTTOhI
MICROBARNS

O'287 t
0.410 +

o,?09 +
O"2o7 g
0,114 3,

0 "L46 +

0"186 +

0"289 +

0" l7ó t.
0"250 +
0"278 +

0.1 82 g
0.15ó +

0" l9l +

0.120 +

0.168 g
o "?o2 +

0. I94 +

CROSS SECTTON
M 8 CRO BARN S

0.1 22 +

0.320 +

0.151 +

0.1,95 +
0" 20I +

0'314 g
0'174 t
0,217 +

0,137 +
O "243 +

0.331 +
o"?69 +

o '?43 +
0. x.10 +

0"1ó0 +

0.07I +
o" 095 t
O "266 3

I UNCERTA TNTY
pER SR*+Z-RAD

0"061.
0 ,073
0,049
0, 049
0 "0360, 041
o "o440.056
o"046
0 "0 51.
0"056
0"047
0 .o54
0" 07c
0 .1.02
0" 085
0,078

NET EVENTS

2L. E\ 27 "9LB"l'l 42"'l
24 "7oi 2?" 4
?7"'Ãl 2L" 4
32,9! 12"9
29""Å I 17. 2
23.víþ 24, O

L9.U! 30.7
26"1) lB" 4
20 "'41 26,2
20"z) 31,6
?6,21 22"3
35.8! 12,4
36.2) [0" I
85,8
5r "z39,3

2,3
7', O

LI"ó

(

{
(

(
(
(
I

{
I
t
(

{
t
{
{
(

{
0.071 ( 36oPo) l5*8--

T'OTAI- NET EVENTS= 
"U-1 

[-6"917

8l - ?60 Ø2 ,= 3l+o

NET EV ENTS

7" I
19,9
10. 7
11"4
L2" 2
18"9
8. 1

L5"4
13, I
16 ,4
21.-l
13, 7
7"4
7.O
3"4
1"4
4"0

+ UNCERTATNT\/
PER SR**2*RAD

0.064 152"2þ
0,081 ( 25"11
o,062 { 4l'g}
0"064 ( 33,u1
0"060 { 30'?il
0.075 { 24,?}
0" 066 l, 38"23

29 "Zi39"2\
?9 "Z
26"2
?9 "zt.ç. PAJø E

59,ã
B5,',?,

100" È

67,Z
74"2',l

0 ,0ó2
0, 054
0 ,071.
0.085
0,078
0"109
0,064 (

0,137 {

0,071 {
0"057 {

0,197 {

T0TAt- NET EVENÏS=
_4 o2__

t9ó,8 t LO"3fo



* zL+L

G *g

8, * JOo gZ = 3l+o

+ UNCERTAtrNTY NET EVENTS
PER SR**z-RAD

.CROSS SECTÏON
Vt MICR0BARNS

t 0" 00 0.261. t
30"00 0,2-17 g
50"00 o" 307 !.
70,00 0'145 +
90"00 0" l.98 +

Ll0"00 0"217 +

130"00 0,262 +

150,00 0,334 È
170"00 0 "372 3.

190"00 0.335 t
210"00 4"438 +
230 "00 0.3-17 +
25C"00 0"293 *.
270,00 0,1 25 g

290"00 0"322 e
3 10"00 0.3 16 g
330"00 0" 386 t
350" 00 0,239 +-

CROSS SECT TON
MTCROBAR\¡S

0'0 +
O"2t+9 +

O,2L5 +
0'I05 +
0'050 +
0.208 +

o"?62 +
0' 174 g
O,239 g
0'175 g
0,0 g
0.0 !-
0'0 +
0"0 t
0,0 +

0.0 !
0,0 g.

0,0 t

Tab1e G*I
( continued )

Vy
10"00
30"00
50,00
70" 00
90,00

1 1 0,00
130" 00
150"00
I 70,00
190,00
2 1 0,00
230,00
2 50 "00270,00
290,00
310 "rJ0330.00
35 0,00

0,080 | 34.2N
TOTAI- NET EVENTS=

0,090
0,082
0" 090
0,062
o,067
0,073
0,077
0" 087
0.092
0,086
0,098
0"094
0.090
0 "0ó30" 092
0 ,094
0, 09ó

I UNCERTA
PER SR**2

0,0
0,286
0,lBg
0"109
0.063
0,128
0"!63
0,13ó
0,I75
o "2050,0
0"0
o"0
o" 0
0.0
0,0
0,0
0,0

TOTA!- NET

34. 91
29 "29
2g "z\
43 "Z
34"8
33 "E
29.'-41
26 "7"125"2
26.2
22 "ß
25"29
3I"gl
5 0 "ttþ2g"z
30"u
25"2

I NTY NET
-RAD( 0,8!
{tr5.z}
{ BB,gl
{104.U}
I L26.2
í 62"2

62.2
7 B"ll
71,2t

ll7"g
0,9
O,%
0,u3
o,El
0"ä!
0,ß¡

{ 0,9}

L2,2
L2,9
[4,6
6"9
9"5

1.0. 1

L4"7
L5, -l
L7.4
L5" 7
20, 8
.[7" B

I3, 9
4" B

L4" I
13"l
19, 1

II*0---
244,ç å 6. e%

8r * 38n Ø? * 22o

EV EN TS

0,0
2,O
2,3
2,O
1."3
3,0
3,8
2.5
3.0
1"0
0,0
0"0
0,0
0"0
0"0
0"0
0,0

{ 0'Ë9 -O*0---EVENTS= zo,9 t ?O,gf"



2I+2

c10Table G-I
( continued )

Ll.Itr
10,0CI
30,00
50.00
70" 00
90,00

110"00
130,00
150,00
l'70"o0
190" o0
210,00
23C,00
250 "OO
2 70,0 0
290, O0
310,00
33 0" 00
35 0,0 0

6":]
CROSS SECT TON

F4 T CROBA RNS
o" 643 t
O "356 +
O"494 +
O,285 +
0"331 +
O "239 +
o "2I2 +
0"184 +
O"021 t
o,225 +
O,577 g
0"165 +
0,3 59 +

0. OB4 g
O.4O-l +
0,0 +

-0" 007 t
0.118 +

Øz = 2603go

+ UNCER TAT NTY
PER SR**2*RAD

0.320 ( 50"¿)
0"124 ( 35,Ë,
0,145 I 29"21
0"lLl ( 39.2b
0,I31 I 40"8)
0. 1.04 { 44"2b
0 " 095 { 45 "3,y
0 .097 ( '53, U !
0, 043 t209"""
0 "103 ( 46,9
0" 250 ( 43"8

l00"ul
7 0,21

l2¡."9¡
7B"Zy
0,¿l

107.g!
62 "ZyTOTAL NET EVENTS= 90" 2 t Llþ"7/'

0"166
o "25?0,101
0.316
0"0
0"007
0,073

NET EVENTS

1.0, 7
8.7

11"8
6"8
8,0
5"7
5,0
4,0
0,5
5"0
9"5
2"O
5"0
0.9
5"0
0,0

-0" 2

-e-g--

81 = 38o @z * 30o

CROSS SECTION + UNCERTATNTV
MICROßARNS PER SR**2 *RADvd

10"0CI
30"00
50,00
70,00
90" 00

l l.0 "c0
I 30. O0
150"00
170"00
I 9C. 00
210,00
230" 00
25 0. OO

270 "00290.00
310"0c
3 30. 00
3 5 0,00

o,835 Ê
0.278 t
0,200 t
O "456 t
O" 300 t
o"?99 +

O"249 g
O "328 +
0" 384 +
0" 178 t
0,178 3
0" 560 t
o "263 g
0,369 t
o,423 +

o,417 +

0,263 t
0,3 56 +

0,208 { 25"21
o"L23 { 44"1}
0"100 { 50.u}
0,159 { 35,ä}
0"I23 { 4L"Zl
o"L22 I 4L,U 3

0"112 (, 45"2b
0.1.33 { 41,'ð¡
o,L44 { 37,3}
0"I01 ( 57"Hb
0 . 101 ( 5-l ,2,
0.175 ( 3L"Z',A
0,127 { 48,U}
0.i34 { 36"21
o"L52 ( 3ó"Ul
0,170 ( 41"¿
0"152 ( 58.Ë
0"143 { 40,'Ë

NET ÉVENTS,'

ló"ó
5"6
4"0
9"2
6,0
6"0
5,0
6"6
7"6
3"6
3,6

LL" 2
5,2-L4
8.0
7"0
5"2

TOTAL NET EVENTS= -LrÀ--r25,O t g"tn/"



Table G-}
( continued )

2l+)

c-11

8, = 38o 0, = 3t+o

CROSS SECTION 3 UNCERTAINTY
t",tICR0BARNS pER 5q+*2*RAD

0'B78 + 0,290 { 33"U }
0"679 È 0"265 {39,80
0 "535 + 0 ,218 ( 4L "Zþ0,094 g 0.094 (t00"Bl
0"3ó1 È. 0,180 ( 50,l!
0,519 + O "226 l, 44"21
0,40790,208{51"U}
0.3ó9 + 0"I85 {50,U}
0 "425 t O ,ZO5 g, 49,2,
0,3ó1 + 0,l.Br {50.u}
0'87ó + 0,288 ( 33,'41
0,094 + 0,094 ( 100,U !
0"609 g 0"245 ( 4O"g
0.546 s O,223 (, 4L"'Å
O,279 + 0,161 {58,1
0"456 g O,2O4 I t+5,%
0,812 + 0,27t { 3i.'Ãl
1"489 !- 0"378 { 25,2t

TOTAI- NET EVENTS=

Vr
I 0"00
30,00
50" 00
TO.00
90, o0

110"00
1.30" 00
I 50.00
17 0 "o0
I90" 00
21.0,00
23 0, 00
250, OC
27 0,OO
290"Q0
310.00
330.00
350" O0

NEÏ EVENTS

9"7
7"3
ó"0
1"0
4u0
5"7
4"5
4uO
4n7
4n0
9,7
l" 0
6"V
6,0
3"0
5,0
9"0

Iåo3 --Lo7,5 Ë 9. 91¿
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Table G*2

Summary of Cross SeetlofredG-aö1ru



Table o*2

2U5

G*13

0L * 16o 0, = i-8o

er
0, ¡.0
0.30
0 ,50
0,70
0,90
["10
l" 30
l. ,50
l, 70
l.g0

CROSS SECT Ti]N
MTCROBA RNS' 1"634 +

¡.,830 t
2,552 t
L"925 t
0"776 +
0" ló0 g

-0.088 +

-o,295 +

0"0 +
0.0 +

+ UNCERTAINTY NET EVENTS
rrER sR**z i

o"475 q 29.2b 29,6
o,458 { 25""A1 40,6
o "493 I L9"?ob 55,+
o" 406 t zL"%l 42" B

0"411 ( 53,2) 13,7
o.256 ( 16 0" ?i I 3,2
0 ,294 (,335 ,Zl -l, l.

0,219 {'14,2} -3"1.
0.0 ( 0"gl 0u0
0"0 ( O'g! -.O.u.Q--TOTAL NET EVENÍS= 181" I t L3 

"Olß

gL = 18o BZ = 22o

a cRoss sEcT IflN + UNCERTAINTY NETor HIcR0BARNS PER sR**z
0"I0 L"429 + O,256 ( lB"Ël
0"30 L"421 + 0.248 { L7,U}
o,50 L,324 + 0"239 { lB,U
0,70 tr.194 + 0"235 ( 20,fl
0,90 0.ó70 + O"278 q 42''e"
l" lO O"42-l + 0"203 ( 4B"g!
[,30 0,5lB + 0 "253 I 49 "Zl
[ "50 0. ¡.56 å 0" 098 { 63"9}
["70 0,0 + 0"0 { 0"'.ð}
L,go 0"0 s 0"0 { 0.Ë9

TOTAL NËT EVENTS= 35+"3 T g"ZIÅ

8l = 22o 62= 220

NET EVENÍ'S+ UI{C ERTA INTY
PER SR**2

o,?99
o ,244
o "2770,239
0, 189
0,147
o "L230"047
0,0
0"0

TOTAL NET

ë* CRtISS SECTfIN
" MTCROBARFIS

o" 1.0 1,946 g
0.30 0"935 t
0" 50 L"472 +

0.70 L.374 +
o"go 0.607 +

1"10 0"193 +

1,30 0"099 +
[,50 -0, o7B !
1"70 0,0 +
L,gO 0"0 +

15.7"1
26,41
19,?!
L7 ."¿',!
3L"4
76"2

L24 "Z6l,z!
0"9!
0,u)

EV ENÏS=

EV EN TS

83" 5
78.9
71.9
62,4
2¿+ '9
L5" 2
L2,6
4"9
0uo

-0^0---

-14 ,9
39, 0
62.7
58,9
25" 3
8,3
4,2

-3,2
0r0

-CI"-Q---270.2 t 9"L16

I
I
{
(

(



2l+6

G l-¿+Table G*2
( eontlnued )

8tæ

ae cRoss sEcTI CINOr M TCROBARNS
0, x.0 L" 282 +

o,30 0"741 +
O"5O 0" BLB +
0,70 0"953 +
0,90 0"934 +

n,[o 0,203 g-

l. "30 0,043 +
["50 -O"0L3 +
1."7O 0'0 +
Å.90 0"O g

180 82- 260

NET EVENTS+ UNCERTAINTY
PER. S RSS2

o"240 { I 9,%}
o,222 ( 30"ã!
o,259 t 32"81
o"258 { 27,21
o"283 { 30"?i}
o ,236 { 11.6. B I
0,043 ( 100"Ë)

-0" 01.3 { 100" I }
0,o { 0"9å
0"0 ( 0.u!

TOTAL NET EVENTS=

52,7
30"0
29, I
?8,9
24" 5
0,5
0r6

-0" 5
0,o

-0*8---tó4"7 t L2"t+%

8, * 18o 82* 3oo

NETðor CROSS SECTTON + UNCERTATNTY
MTCROBARNS PER SR*S2

0"318 ( 24"21
0.307 ( 33"8)
o "431 { 31"21
0,28¡. ( 49"2\
0,303 q20+"2,
o,2L7 lL42.Z\
0"336 {,L29"X

EV ENÍS

?2.2
L6" 4
L7 "98"4
l" B

0"9
L.7

-0"1
0,0

-Q.*O--6s,2 * t8"1/,

0, I0
0,3 0
0" 50
0,70
0" go
[,¡.o
å."30
1." 50
& "70
1" 90

0.0
0"0

0"0
0,0

l, 3Ol- +

O,9 3l +
L "299 3
O "577 +
0" I4B +
a "L54 .t
o" 26L +

-0"011 t -0,olL (100.8
À

+
( .0,%
{ 0.9}

f OT A{- l'¡ET EV ENTS=

OL : 22o OZ = 26o

ð CROSS SECTÍON + UNCERTATNTY NET EVENTSOT MICROBARNS PER SR**2
0,lO L.475 + 0"176 { LZ"Z} llB"B
0,30 1,387 q 0"164 q Lz"'Åt 119"5
0,5o 1,304 t 0"162 ( 12"31 105,1
o"70 0"ó31 + 0,I53 I 24":Zb 47"7
0.9o 0, ó08 a 0" 129 I 2I"Z¡ 46" 1
¡.,10 O"260 + 0"119 { 46"U} L4.-l
x,30 0"235 + 0" 139 ( 5g"Z) 0,9
1,50 0.103 g 0,09ó { 93"X1 3,7
1,7O 0"C 3 0.0 { 0,'B! 0,0
Å,9o 0"0 + 0,0 { 0"8¡ _A*g___

TOTAL NET EVENIS= +5b"5 t 6"8fi



TabLe G-2
( con&lnued )

g UNCERTAI NTY
PER SRf*2

0"0 ( 0"ul

0.199
0"210
o, 1. 91
0,194
0"17I
o"L32
O.OBó
0" 048

( Ló"2!
( L6,Zb
{ lB.u}

17,8!
30, ¿¡

ll7,E)
55,U!

356" Zl

16"u
L+"2
1B"Z
17,El
29 "Zl59, g!
57 ".BblB0, ä)

100, H !
0,8 ¡

EVENTS

3lùo

NET EVENTS

2/+.%l
2B.g¡
35"Èl

g 79"ß
| 17 .'t
Í, 4+"2
(100"1í
{ 100.8
{ 0,8}
{ 0.u}
EVENÏS=

St * ?2o

CROSS SECT TONer MtcRoBARNs
0,1 0 L,279 +-

O" 30 L,450 +

0,50 l. " Ió2 +
0,?0 0,947 t
0,90 0"522 +
1,IO 0"213 +

1..30 0.254 +
1,50 0,100 +

[,70 -0" 035 +

n"gO 0.C +

& cRoss sEcT f rrN*T HTCROBARNS
0.10 1"1ó5 t
0.30 0, B0l +
0,50 0" 897 +
0.7o 0,312 !
0,90 0 ,3 48 +

¡." l0 O" 622 g
1,30 0"052 +

À,5C -0,170 +

l,70 0.0 +

1,"90 0"0 +

+ UIlCERTAT
PER SR**2

o "206 {
o"203 (

0,203 {
0,165 (

0 ,153 {

o "L26 {
o,144 {
0"179 (

- 0,035 (

0"0 (

ÏOTAI- NET

g UNCERïAItüTY
PER SR**2

o"279
o,224
0,314
o,248"
0 ,269
o "273
o "o52-0,170
0"0
0,0

TOTA ¡- NE T

2t+7 *

L5

øZ = ?6o

A, = 3Oo

NTY NET EVENTS

NEï €V Ef,¡TS

63" 4
65 ,0
52" 6
55 "526,4

417
-6.7

0"ó
0"0

64" I
-17"3

52,5
43" 5
2L "+9"3
6rq
1,,2

- lu 0
O,*O

= z7s"i-t-8.h.f"

23" 5
19. 5
L6" 3
5. I
3" I
ó"8

-0n 7
-2n Q

0,0
-A*0,---'t2,3 t L7.O/o

8L * 26o

@ cRoss sEcT IoN.r MTCROBARI{S
0, [0 L"267 g
o,30 L,282 +
O,50 l" 056 +

0,7O LL52 +
o.90 0"573 +
l"l0 0,Ll2 t
1"30 -o,15ó +
1..50 0"013 t
1"70 0,0 +

["90 0.0 +

@l * 22o @z*

0"0 { 0.å} -0-0--TOTA¡- NET E VE NTS= 26t" 4 T I "W"



Table e,*2
( contlnued )

2l+8

G*L6

@L - 26o 8z * 3Oo

+ Uh{CERTAT NTY NET EVEN TSë CR05S SECT trON--f, MIcRoBARNS
C,tO I'514 +

0,30 L"502 +

0"50 L"27O +

0.7o 0.9 17 g
o"90 0"496 +
l.. 10 O. 235 +

1,30 -0' 009 +

I.50 0"079 +
1,70 0"o 3,
[,90 0' 0 +

õor CROSS SÉCT TON
F4 T CROBA RN S

1.998 +
1,895 +
L "946 g.

I'1.29 +
0" 569 g
0'1.95 +

-0" 015 +

-0" 008 +,

0"0 g,

0'0 +

0,10
0" 30
0.5 0
0 "70
0" g0
Ll0
1"30
n,50
¡. "70tr"90

æ*r
0"lo
o"30
0,50
0,70
o,9 0
t. l.0
["30
¡," 50
1"70
& "90

CROSS SECTItIN
M T CROBÂ R¡,IS

1."676 g
I '649 +
L.L72 g
I'll0 +
0"307 g
0' 062 +
0,001 +

0" 037 !
0,0
0"0

+
Â

PER SR**2
0,158
0 " ¡.59
0, 1.49
0,130
0"114
0,096

-0 " 
009

0,038
0.0
0 "0TOTAL NET

( 10"4!
{ l.L,z}
ß L2,X\
( l4"ul
I 23, .Vþ

{ 41.,9 }
(100"2¡
{ 4B,U
{ 0"8
{ 0..2

LL7. 6
LL5.?
g!..0
65, I
33 "7L4,7
-L,2
5"2
0"O

-0-8---4qL,3 * 5,61ßEVENfS=

er = 3oo 9, = 3Oo

+ UNCERTATNTY NET EVENTS
PER SR**2

0 ,263
o,27L
o "2650"228
o "L740.I29
0.059
0,008
0.0
0,0

TOTAI- NET

8t : 26o 62* 3IÞo

NET EV EF¿TS

{
(

(
(

{
{

I3,g¡
l.4, E D

L4"Z'
20,'4b
31.,t!
65, Zì

395 "%b1.03"{}
0.9 )
0"u¡

EV ENTS=

62" L

60, I
57,g
31.,9
15, 6
5"2

-o.4
-o"2
0,0
0" 0--

232"2 t 7,31ô

66,7
61..6
52" 6
4Q "714, g

2.4
0,5
0"9
0"0

-0*A---240 ,1 * 7,

g UNCERTAT NTY
PER SR**2

0,240 { l+"1å
1.4" ä $

¡.6,'¿ )
17"%,
42" -Å'

171 ,8
L00, z
280 "Z

o "zù
0"uD

EVENTS=

o ,232
0,185
0"189
o"L29
0, 107
0 ,00 3.

0,103
0"0
0"0

TOTAL NET

aI
{
{
{
t
I

8l¿



Table G*2
( continued )

õ-n
0.10
0,30
0 "50
0" 70
0,90
l" lo
1.30
[,50
1." 70

' 1"90

2l+9 *

G-L7

30Ð 6, * 3t+ot̂t-I
CP.O5S SECT ÏON

MICROtsÂRNS
' 1.971. +

1.898 +
1."760 g
I'lB0 g.

o,6-16 +

0.374 t
0" 016 +
0" 105 +
O.0 +
0.0 g

g UNCERTAINTY NET EVENTS
PER SR**2

o " 24V ( 1.3.9 ¡ 75" 3
o"244 ( 13"8! 72"O
o"229 { }3"ß} 65"9
0,190 { l6.u} 44'3
0,1ó0 t, 24"8'i 26"O
0,130 { 35,ut 13,0
0"016 il.o0"u! o"4
0"1.05 {100,u! 0.0
0,0 { 0,u} 0,0
0"0 [ 0"9] -Q-CI.---TOTAL NET EVENTS= 296,9 * 6"t+fi

8r=

õ CROSS SECT Ios!*T 
MICRT]BARNS

o" 10 ?,6L4 +
0" 30 3,2L7 g
0.50 2"820 +
o"?o 2,438 +

0" 90 0.935 +

x' ,10 0,20v +

l" 30 0.339 +

n,5O 0"0 +

n,70 0,0 +

1"90 0,0 +

CROSS SECT TDN
CÞotr MICROBARNS
0.X.0 1.,119 f
0"30 1 "020 g
0.50 0,859 +

0"70 ¡.,879 g
0,90 0" 303 +

&. l0 -0" 077 +

[,30 0"507 +

&,50 0" 0 3
t,70 -0.c8[ +

[,90 0,0 +

3l+o 82=

+ UNCERTATNTY
PER SR**2

0 ,507 { 1.9, x}
o"555 ( 17"U!
0"537 ( r9"U!
0,491 { 20"Ë}
0.312 133"ð!
0"146 { 71,å}
o "227 I 67 "Zi0,0 t 0"9!
0,0 ( 0"83
0,0 { 0.¿}

TOTAL NET EVENTS=

3I*o

NET' EV EN TS

28,5
34" 4
29,5
25. +
9"0
2.0
3, I
0,0
0"0

-9u.8---131,9 t 8,9f0

8l : 3$o gz = 224

t UNCERTATNTY NET
PER S R*+2

0. 502 q 45 "Zl0 '424 [ r¡?.2\
0,609 { 71.ä}
0"873 { 4ó"8}
0,319 { }05,1}
0.086 {112,?}
0 "638 { t26,U }

0,0 { 0"2¡
0"115 {14r.u¡
0.0 ( 0.'¿!

TOTI\ I- NE T E VE NIS=

EV ENÏS

6"3
'l 

"33,0
a')I êJ

l_,0
-0" 2

I"8
0"0

-O,2
-0-0--26. L * 26,2i6



Tab1e G*2
( contfnued )

gx=

CROSS SECTION9n 
M TCROBAFNS

. CI.10 1 '595 +

0'30 ',L.LZl +

0" 50 ;1.090 +

0,70 I "615 +

0"9o l" I 63 +

l, ¡. o 0,215 +

[,30 -0,043 +

["50 -0,012 +

1.70 0"0 +

. [,90 0,0 g

250

G 1-8

3Êo 8z*
a UNCERTAINTY
PER SR++2

o ,373 I 23,Zþ
o.429 q 20"7"1
0,4¡.7 ( 20"2'
0"369 t 23,v"tr
0"311. { 27"2t
0"19ó { 91,8}
o ,09ó 1226 "v,,o,0I3 { [10"9]
0,0 { 0"u}
0,0 I 0.3 ¡

T0TAL f.lET EV ENTS=

260

NET EV ENÍS

2l-7
29"2
?9" 4
2L,3
15" 5
2"5

-0" 7

-o,2
0rO

-9*9---t17"7 t LO.Lfo

or*
CROSS SECTICNer MI cRoBARNS

O" l0 2 "047 +

0,30 2" 873 +

0,50 L,946 +

0,70 1" 659 +

0"90 L,2Il +

l.lo 0.509 g
X." 3 O -0" 012 t
1 .50 0,1 11 +
1,70 0,0 t
1.,90 0"0 +

õ CROSS SECT i'lN-r MIcROBART'¡s
0" [0 3"582 g

0"30 3 "376 g
0,50 3' 700 +

0" 70 2"656 +

0,90 1,400 +

¡." [0 . L" 254 +

1"30 0"368 g
1,50 -0" 043 t
n,?0 -0"065 f
!"90 0"0 +

380 @z=

t UNcERTAINTY
PER SR**2

0,381. I L9,Z!
o,442 { l5"',gl
0.364 { 19,11}
0"332 I 20"21
o ,277 î, 23,21
0, 21.0 { 41,8l
0,078 q642,',Ê\
0.103 Í, 92"2þ
0"0 { 0"9}
0,0 { 0,u l

TOTAL NET EVENÏS=

PER SR**2
0, 631
0,ó33
0, 645
0 "575
o "4L70,41 5
0,213
o"0+4
0,065
0,0

TOTAL NET

2t
(

{
(

1B,U¡
19.U1
17.ßl
22 "Zl30"ä¡
a2. v¡JJø.OA

58,U!
Ì.0I . 'E ì
100,8)

0,¿!
E VENTS=

3oo

NET EVENTS

3¿+"2
46" 2
31 ,6
26.2
20 "28"0
-0,2

1"ó
0,0

-Q*01ó?" I * 8" zfi

81 = 38o @z=

t UNCERTATNTY

¡rO
)e+

NET EVENTS

32,7
29.3
34,7
22,9
ll,7
r0,2
3,0

-0,3
-0" 5

-9,.CI---+AL43,6 à öo 6f"



Sunnary

From a

Experiment
yb/radz

@25L*

Tab1e G-3

of dC Cross Sections
d91de2

Prelininary Analysls*

Theory€t-oe
deg. yb/radz Ratío - I

18-1S
\t-22
22-22
L8-26
18-30
22-26
26-26
22-3O
22-3b
26-30
30-3o
26-3t+
3O-3t+
3l+-3b
38-22
38-26
38-30
38-3t+

Weighted Average Value of (Ratlo-I) = -0"O97 t O,O?2

Number
of Events

97
2L3
262

93
22

525
3Lb
23h
L7

465
253
267
3L6
1r6

L2
96

t57
1l+4

o "296 t0,296 t
0.314 t
0.160 t
o.2L7 t
o.3t+8 t
0.331 t
o.3or t
o"L75 t
o3L7 t
o "tåb to.351+ È
0.387 È
o "l+73 t0.239 r
0.t+04 È
O,l+29 t
0.618 t

0.046
0.030
o "026o.o2g
o.0ól}
o.o22
0.02,l+
o,026
o.o32
0.020
o,032
o.026
0.028
o "o53o.o79
0,049
o "o4?0.0ó5

0.368
0.340
0.3 50
0.300
o "?63O,3toz
o.363
o.325
0.3o8
o "370O.l+0I
o,370
O,l+24
o .\7 t+

o.295
o,372
o"l*60
o "532

-o"20
-0.13
-0"10
-O.l+7
-o.17
0.02

-0.09
-o.o7
-0. &3
-o,14
o"08

-0.0,l+
-0.09
-0.00
-0.19
0.09

-0.07
0 "16

I o,t3
E 0.09t o.o8* 0"10t o,25
È 0.07t 0.07t 0.09
å o.1l
å 0.06
È o.ogt 0.o8t 0,07
È 0.13
+ o.27t o.1lrt o.rot 0.15

* These are results published in Ref" 70" The analysJ.s
procedure used rras completely different from that de-
Ecrlbed in the thesls, and only part of the events in
each angular biB were retained, Uneertainty 1n nor-
nalization !,¡as X lO%. Error for uncertaínty in the
energy thresholds is not included (See Table 16) " fn
ühe analysis presented earlier in the thesis, one data
tape containin1 *7fr of all PPä events was damaged and
could not be processed and linits placed on ¡¡ire chamber
coordinates elininaÈed an additionãI 5 - LO% of all
event s.


