Lawrence Berkeley National Laboratory
Recent Work

Title
PROTON-PROTON ELASTIC SCATTERING BETWEEN 6 AND 10 MeV

Permalink
https://escholarship.org/uc/item/2rx4m1f5|

Authors

Slobodrian, R.J.
Conzett, H.E.
Shield, E.

Publication Date
1968-05-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2rx4m1f5
https://escholarship.org/uc/item/2rx4m1f5#author
https://escholarship.org
http://www.cdlib.org/

¥

v
LY

University of California

Ernest O. Lawrence
Radiation Laboratory

LIBRARY AND

DOCUMEZNTS SECTION

v

UCRL- 18221

ey, x

g
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545
.
PROTON-PROTON éLAéTIC SCATT, YWEEN 6 AND 10 MeV
. - "ERING Bt
R. J. Slobodrian, H. E. Conzé. 1d and W. F. Tivol
May ..o8 o
~
v
A
; RE{;E!VED
LAWRENCE
RADIATION LABURATORY \
REEINS P . J .
JUN 2 B oo Berkeley, California P
8
Lss



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



: A To Be'submitteditef

o QQAEC Contract No f

JUSOUCAEEE S SOt USSR S LU T

PROTON PROTON ELASTIC SCATTERING BETWEEN 6 AND 10 MeV

o s
SR

ffhyeicel'Revievf":

UNIVERSITY OF CALIFORNIA

‘”7;Lawrence Radlatlon Laboratory ff~7

Berkeley, Callfornla

3—7h05 eng u8fif%kf'

- UCRL-18221
. Preprint |

R J Slobodrlan, H E Conzett, E Shleld and W F. TlVOl

be 1968 '




B UCRI,-18221

"~ PROTON-PROTON ELASTIC SCATTERING BETWEEN 6 AND 10 MeV.
. . . o . ) . . [ ) .
R. J. Slobodrian, H. E. Conzett, E. Shield and W. F. Tivol
Lawrence Radiation Labbratdfy' |
: University of California
Berkeley, California
I - L i,r"' {".'May'1968‘ }'  .

o :}v'-  v:v f"_: : 11 1 | _» v. ‘; w .:v{

- ABSTRACT

.Prdtbn-ﬁrofén elastic scattering;énguiar distributions have been -
measureq-ét 6.141, 8.Q97 and 9.918 MQV:labérator& energy, in an experiment
’designéd'to-achiéve'anbabsoiu£e.accuracy better‘than‘l%.‘ Phase shift analyses
: hafe been_performed ﬁsing S—,spiit”PQ,énd ﬁéwaﬁégf ‘The P-wave splitting was
éssuméd to bg dbminated bj a’) a ceﬁtral pius fensor’interéction of b) a |
central plus spih-§rpit.inferacti§n; In both §ases the P-wave‘splitting was -
keptfsmali,va'condition impoSed_bY'the éméll polérizations measured in this

energy range. -

This work was performed.under the éuspibes of the U.S. Atomic Energy Commission.
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I. INTRODUCTiON

st energy proton-proton scattering has been the.obJect of very
accurate experlmental 1nvest1gat1.01_q,l’2 and, except for electromagnetlcv
complicatiehs,g'it is the most.suitable sOurce of information concerning the
nucieaf interaction of two nucleoﬁs'in the S-weVe.i'The research carried out at
WlscoL51n was partlcularly fruitful; two dlfferent experlmental groupsa’LL
covered the range between 1.397 and 4.203 MeV (laboratory energies). ‘Between
h.203 and_lo MeV there have been several other experiments,5_lo but significant
disagreement among these data has indicated the need for more accurate diffef—
ential‘crossssectisns in this energy range;' |

| A comprehensive analysis of the experimental infermation below LO MeV
Was'donelfirst by Mac-Gregor,ll using a selection Qf‘data in this energy fange.
‘The M data were tﬁe'first to show a definite "anemaly" with respect to
pﬁre S-wave seatterisg,»and thus_indicated.the necessity ef P-waves in the
analysis of low ehergy p-p.crossrsection data.12 Barly analyses were per-
.forﬁed'in terms‘of the S-wave phase:shift.KO and an'"effective"jp—wave K-
Mac Gregorll stressed the insufficiency of cross section data alone, and_his
analysis resulted in a.four-fold ambiguity among.phase shift solutions using
S,>split P, and D-waves. These solutions predlcted dlfferent ~though small,
polarizations, and later measurements 15-15 showed these to be,. 1ndeed
small. Thus, large P-wave splittings should be excluded.

One of the iﬁtefesting aspeets of;low energy p-p scattering is the

_possitility of the determination ofishape qependent effects oh tﬁe S-wave

phase shift. This is not yet feasible for n-p scattering fer which only

total cross sections are presently,available, and thus even the effective
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range parameter is rather inaccurately'known.

The ideal region for such a determinaﬁion.is befween zero and'lO MeV.
An importanﬁ experiment has been performed in this connecpion, conSisting of
the precise determlnation of the.energy of the interference-minimnm in
'p-p scattering.l6 Thls was measured to be 0. 582&5 0. OOOEO MeV and from

17,

this'a'very accuratebvalue for the lSO phasershift was derlved. This phase

shift, in'conjunction withrthe dafa oeref. M. was used by several"authors to
attempt a determlnatlon of shape dependent parameters in the expression
%k cotg By *+ & h(n) ) §;+ % ?ekg - Pr_ 5kLL +aQr, 5k6 - ...5,; where the
symbols have the usual meaning. 18 Reference 18 contalns a summary of the
situation concerning.this poinp.‘There are_uncertalntles if the analys1syls'
reStricted to thevinterference minlmum datumbanddto,the KMBNDA data set. .The
lnclusion of the WMF data in‘the analysis‘reduceshsuch uncertainfles,l8 but,
nerertheless,the shape.dependent scatteriné paramefers are not determined
unambiguonsly. Heller has recently added the phase shift at 9 69 MeV,
obtalned from the data of Johnston and Young,;o topthe 1nterference-m1n1mum
datum and to. the KMBND data setr The analysis was carried ouphusing thev
'effectiveérange expansion np to and inclnding.aicnbic ﬁermvin the energy.
The shape dependent coefficients P and Q were obtalned w1th large errors- It
is also well known that the p01nt at 9 69 MeV is too: close to the radlus of -
convergence of the serles,to warrant a flt with a small number‘of terms in the.
expansion. This was recognized hy Heller himself. |

Another approach was made’recently by Noyes and Llpinskilg'in analyzingl

. v 1
the 9.69 MeV data o_and incorporating in the analysis a ratio of spin-orbit to

tensor effects; higher partial waves were calculated in terms of a model.
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Vacuum polarization_and electromagnetic structure effects in the Sﬁnave yere
neglected, They.concluded'that the }SO phase shift determined in the analysis
waé-in modest agreementvwith the predicted OFE shape correction;

The measurement of preclse angular distributions between L, 205 and

o lO MeV to- better than l% absolute accuracy seemed to be another proﬁ1s1ng angle

! o 2
of‘atﬂack to'solve the problem of-shape.dependence. © Another papeﬂ‘l w1ll

describe:the'determination of the shape dependent parameters P and Q from the
interference minimum phase shift, the WMF data, the KMBND data and the

results reported here.

1. EXPERIMENTAL DETAILS

A. Scatterlng Chamber, Beam Energy and Charge Collection

" The Berkeley 88-inch sector focused cyclotron was used to produce a

prOton'beam, accelerated as H

+ .
o ions,'-The reason for this was twofold: slit

‘scattered H2+ ions result in free protons that are not focused by the beam'v
transportrsystem, and>thus slit effects are minimiZed. .It was also a means

of reaching . the low energies required in this ekpériment.i The beam was conveyed
through an analyzing magnet'and Quadrupole magnet lenses into the scattering
chamber. 'Theybeam.was definedvby.nickel slits and carbon antiscattering baffles.
The‘entrance fOil was 0.25 mil thick dural; and the exit foiliwas,about'

3" diameter, l.9 mil thick. Figure 1 shows the general layout_of the scattering
chamber. .The pressure was measured to * O.l% accuracy with abeolute silicon

oil manometers. It was‘continuously monitored via-a closed circuitctelevision
system with cameras sighting both ‘ends of the siliconboil columns.v Calibrations

of this manometer were made by measuring the oil‘density relative to both
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distilled water and distilled mercurjv The results of such alternatlve methods
agreed to one part in th.‘ Prec351on thermometers were placed on the body of
the scattering chamber and on the 3111con 011 manometers, contact was effected
with silicon grease. The temperature‘was measured to % 0_1 K‘and the total
variation of it throughout:the eLperiment was'within ivo.ésqj The experimental
cave is isolated.from'theloutsidg.with thick concretevblocksvand.its'temperatUre
bremained_very stable,dparticularﬁy since care wasiexercised in restricting the
'opening of thepheavy concrete door; The‘collectiontof charge was done with a
Faraday cup and an integrating'eTectrometer,'accurate tofg O.i%.;vCalibratTons

. were performed_before; during, and after-the experiment‘using the:eiectricr'
ﬁcurrent method uith’resistors and voltages measured to orie part;in 10", The:v-
current callbratlons Were performed at dlfferent 1ntens1t1es coverlng the 1“
range used during the experlment F.Durlng the callbratlon, ‘the box contalnlng :
re51stors was kept.at constant temperature. A thermometer accurate to 0. 1°K |
was used to monltor the temperature; The 1ntegrat1ng c1rcu1t capacltor was"
1nsen51t1ve to the smail temperature changes whlch occurred durlng the- |

_ exper;ment,;w1th}n_— O.E'K, The beam 1ntegrator contained a fast relay for the _
recycling of-the integratorv01rcu1t,_'The‘correct}on for 1ts dead t1me,was. |
'readily'determined'using‘the'current methodtat'thevintensities_employed”during
‘the experiment. The marimum-correction was (2 * 0.1)%.

The_beam'energy was determined through its range in.aiuminum,-and
converted using'experimentalvranges.22 Energres at]the center'of the target
weret6;lhl, 8.097,:and 9.918 MeV, with:target gas pressure near 0.050, 0.075,

_ and 0.1 atmospheres, respectively.'iThe range;energy conVersion Ts accurate

to about * 0.1%. Thus, a limit of error on the energy determination can be
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safeiy set at t O.ﬁ% .rhich’ihclddes ecme small»drifts of the beam
energy durlng the experlment B | |
The W1dth at. half max1mum of forward angle spectra was 63 keV at
'9 918 MeV, 50 keV at 8 097 MeV and 59 keV at 6 1&1 MeV, malnly due to the
‘energy resolutlon of the detectors, electronrc n01se and gas geometry. The
f beam width 1tself was below 10 keV The detector colllmators were_conetructed.
with brass and sllts were cut on ll mll thlck nlckel plate 'Recpangularvgeo-‘
metry was used and the allgnment-was effected cptlcally-wlth a traneit. The -
ccilimator assembly'Was provided with fine thread.screﬁvadjusthents,“perﬁitting
ah'accuracy close to one mil in the horizontal plane alignment. The vertical'
adjustment was, of:course,:less cripical but‘itTwas.achieVed with a comparable
accuracy. Thehangular‘reeoluticnvwas 0.5°. The detector arﬁs were aligned
opticaiiy, and the‘positioh.was read on twoldialskwith>vernier scales.b The coupling
of the'arms_to the.diale ﬁas'rigid, and there was no uncertainty usually associated
: withTindirect'readouts-or honvrigidchuplihgs. | |
The measaremeht.of distances from the center of the chamber to the
collimators was perfcrmed to anvaccuracy better than.ohe part in'iO%'fcr
most Tinear dimensions. The sliﬁs'themselves were measured with a.very precise
optlcal comparator system, equlpped Wlth a dlgltal readout The accuracy of this
apparatus was £ 0.1u. The slits were in the range of 1500u wide and were
'mapped at about 150 1ntervals. Both faces of the slit- were mapped and
a siightTwedging vas determined. The areas of the rear slits were evaluated
by numerical integration cf the mapping. The front slit width wasiaveraged

‘over the utilized section as determined by the finite beam size.
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B. Detection and Electronics

Detection of scattered protons wasvacCOnplished with two lithium drifted
silicon detectors, onedon either side of the heam; The‘positioning of:detector
assemblies was'accurate to.OiOl69. A single collimation geometry was used at all
angles w1th a value of about 7x10 -6 cm4sr.v.This choiceAhad, of.course,:advantages
in that it ellmlnated normallzatlon errors that could oceur if several geometries -

, : | .
had been used.  Counting rates were kept constant by. changlng the beam 1ntens1ty
as a function:of angle. |

o Countlng statlstlcs were kept 1n the range of 0. 3% Dead time losses '

Were kept below 1% and corrected by means of fast scalers to 0. l% accuracy
Flgure 2 shows a dlagram of the electronlcs. Spectra were stored in two pulse-:-'
' helght analyzers.‘ Two monltor detectors were also used, one.at 8° and the |
other at 25 , off the horlzontal plane. The1r spectra were also recorded in
an analyzer. d‘ | o | | |

Coincidences (prompt and‘delayed) hetween'both‘detectors'in the horizontal:
' planevwere also,recorded in'order to obtdin an.indication of inelastic events..
The net difference between:real andFaccidental colncidenceSVSet a limit on in-
elastic events at about.O.l%,of the‘elastic cross sections. : |

Tests o% the beam allgnment were made by 1nterchang1ng pos1t1ons of the
'detector assemblles The two 1ndependent.y1elds were in agreement within the
statistical fluctuation and theecontributiOn due to the’angular.positioning
error.- Scalers were used in duplicate since their accurate numbers were

‘necessary to correct for dead time losses in the pulse-height spectra.
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1II. EXPERIMENTAL CROSS SECTIONS AND ERRORS

Spectra were measured between 6° and 50° in the laboratory system.

o Figure 5 shows a typical experimental spectrum at a small angle. Some

_discu581on lS appropriate concerning the evaluation of counts under the peak

3,k

: The technique used for the Wisconsin experiments, performed with gaseous
' proportional counters, relied on a disc11minator method applied on a AE
spectrum_(AE is-a small fraction_of the‘energy of‘the protons entering the
sensitive volume of the detector). _Thefseries of experiments of Johnston and
collaboratorsloiat Minnesota was performed with Nal'(fl) scintillators, the
protons stopped in the crystal producing'a signal proportional to energy..
,Howeuer, the energy spectrum WaS‘mainly used for: the purposerof setting a
discriminator at'a certain level'below.the peak, and the peak integration was
performed using fast scalers counting all pulses above the discriminator
:settlng Such pulses were assumed to be elastically scattered protons

We have cons1stently recorded the energy spectra at all measured:
angles. The.small peak due to elastic scattering_on impurities separates well
'd fromrthe elastic,proton—hydrogen peak ‘at angles larger than 7° (laboratory system).
For_consistency with the'ﬁdiscriminator methods"vused in ‘the experiments‘mentioned
above we have evaluated the peak COunts by meansvof the simulation of a discri-
minator setting (from now on called D data). HOWeuer, if a "background" line
is extrapolated from.the spectrum shape at energies below the peak the cross
section values are reduced between 0.5 and 1%. Therefore, we_have also deter-
mined cross sections using a background subtraction method (from now on called

BGS data).
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A summary of.typical errors is'given.in Table I. The.errors’aththe ;, S
tworsmallest.angles of Tabledll.are largely due.to the uncertainty inbthe.suh_
traotionuof the elastic-peak.of.c0ntaminants. .Theyyleld due to oontaminants
- was consistent with thesquoted puritylofrﬂé gas'at the beginning of.the o

experiment at each'energy; The build up- of contaminant was rather sloW:and .
| : N

: 1ncreased from 0.01% to O. 05% durlng the measurement of each angular drstrl-
. J ,
bution. ThlS was determlned by evaluatlon of the 1mpur1ty peak counts on the -
‘monitor detectorrat 25 . . The small angles Vere measured flrst w1th new_gasgvn~lt
,At'larger:angles fhe'éiéétic group of‘protons scattered'off‘hydrogen would':
separate:from:the contamlnant'peak;'.The contrlhutlon from inelastio soatterlng:pf
to ex01ted states of the contamlnants.1n “the 1nvest1gated angular range was less
than O. l% of the elastlc scatterlng off hydrogen. It was not deemed.necessary_to'
renev the gas durlng the experlment at a glven energy, nor to.use a flow |
l system in v1ew of the exceptlonal vacuum tlghtness of the scatterlng chamber.»-
Wall outgass1ng was probably the maJor contrlbutlon to‘the small contamlnant.
bulldbup. | ' - | | » | |
| 'The simultaneous measurement of yield on:both sides Of the.beam”per_.
‘ mltted a conS1derable reductlon in the errors from p0531ble mlsallgnment of
the beam. The number of yreld measurements was larger than lOO,iand only two
'Were finally-dlscarded from the analys1s. The.accuracy of the-fast scalers
'was measured w1th a pulse generator at the rates used durlng the experlment,
~and it was found to be better than 0. l%. Dead time correctlons exhlblted a |
reasonable cons1stency for‘both detector systems, | |
' vTable II‘summarizes the'cross sections'obtained wlth,the baCkground

subtraction technique and also with the discriminator method. Second ‘order
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geometry<corrections'were calculated'using formulas developed by'
‘Silverstein.eﬁ» Finite beam and divergence effects vere calculated’numer-
ically, and the resulting corrections were necessary only at small angles.
‘Corrections for slit effects and multiple-scattering were made following the .

‘ experience of the measurements performed at‘W1sconsin, using formulas for
multiplenscattering duevtoﬂWilliamseu and Molliere.e5 The detection }
efficiency orIthe'eolid state detectors ie'close to. unity in the‘energy
range ‘between O and 10 MeV. ﬁowever, the loss due-to.reactions was corrected
approxlmately using recent experlmental results and calculations.2 The

‘conversion of cross sections to the center—of-mass system was accomplished

usingvtheianpropriate relativistic Jacobian transformation.

IV,  ANALYSIS
A phase'shift‘analysis was‘performed using'a program developed by Knecht27
and written by Jenkins. IL was adapted for use with a CDC 6600 computer.

This program includes S, P and D-waves The conclusions ‘reached by Noyes

and Lipinskil9

at 9.69 MeV concerning the negligible contributionvof F-waves
are;also applicable at 9.918 MeV,.and a fortiore, they hold at lower

energies. Also, the results of recent phenomeno]ogical phase—parameter fits by
the Yale'groupa8 show negligible F-vave contributlons at 10 MeV. Conseqnently,‘
we have con51dered that an analy51s limited to S P and D-waves is valid and
-meaningful for experiments of the order of 0.5 to ]p accuracy. Vacuun polari-
zation corrections for f = 1 were carried out ueing.formulae derived by

29

Durand. The S-wave vacuum polarization correction was not performed,

as 1t is easily done using the procedure of ¥Foldy and Eriksenjo in the

efrective runge expansion.

N
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NoyeS'and Lipinskil9 have concluded that the 5PO 1,2 phase shlfts

+_+ -
51 3 “should have the OFE 31gnature at 9. 69 MeV. and that ALS/AT _

should be in the’ range 0.07 to 0. 15 where

A = (-2 1,077 %077 81;2)/12_

bp =528y 5 =38 4 B L)/

Nevertheless; following a more phenOmenological approach;ﬁe'have chosen -

It

‘in our analy51s to retaln the p0851b111ty of two dlfferent 31gnatures of the

spllt P-wave phase shlfts One is con31stent w1th a tensor 1nteract10n pros

.du01ng negatlve polarlzatlons, whlle the other (+ + - signatnre),'producest

avpos1t1ve polarlzatlon at small angles and corresponds to a dominant spinQ

| orbit interaction. In both cases the strength of the spllttlng was kept small

consistentfwith'the existing experlmental'values of polarlzatlon 5 1

Results of our anaiysis are givenvin Tables III;VI.

| Thevlisted errors-are based on the.criteriontof an'increase of 1.in Xg;:

and, alternatireiy; in the parameter P = X?/N (Where N is the number_

of data points) The program adjusts the S-wave, the central force part of'theh

P-wave ano the'D-wave phase-shlfts in sncce331ve steps. Table VII shows the

values 0btained for.the S-Wave'phase shift at each step.‘. | | |
Figurerh contains a plot of the angular.distrihutions.of D data

obtalned in our experlments, together w1th those obtalned by other groups at

'nelghborlng energles. Figure 5 shows‘an excitation functlon of the cross

section at 20° and 90° CM utilizing data from several sources. Figure 6

. 1 o . : . -
contains a plot of the SO shifts obtained from our D data‘and from other
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sources.v Inclﬁded are soﬁe reCent Valuee'calculated bj Mac Gregor et al.51
as;a:reasonable eitrapolation'to lowpeneréies froh.analysis of higter energy
data.v HoWerer;‘thesetloﬁ_energy ralues were obtainedﬁin‘the'context of.a shape
'_independent'approxiﬁation'andttherefore oompariSOh ﬁith experiMent may be rather
uﬁfavorable.‘ The’ phase shifts obtained by Seamon<et al 26 at lO aﬂd 20 MeV

]
are also plotted, in our opinion they agree better w1th experiment than the

values Of‘Bef-'31~at energies between'lO MeV and 30 MeV.

Our Cross sections at- 9 9l8 MeV dlsagree with the extrapolated values
obtained from the Minnesota e;periment at 9. 69 MeV . assuming a l/E dependence
of the Cross sectlon,by more than one'standard dev1ation. The plot of the
v excitation'fuhctions in Fig. 5 is not:expanded enough to show tﬁis'differenoe
but the plot of phase shifts in Fig 6 bears thls out However, the cross‘
sectlons measured at Minnesota are on the order of l to’ 2% hlgher than the values
obtained at the Rutherford high energy laboratory,53 at the energies where they
overlap;’ Mac'Gregor'et al.aSSigo a probable normalization of'1f015 tobthe
‘final search in fitting the data, this means that the data should be scaled
by 0.985 for eonsistency With;their phase shift solution. Figure‘Ybshows the

polarizations calculated from our phase shifts with the two different P-wave

splittings.
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v FINAL REMARKS -
Flgure 6 shows that the 1nformat10n reported 1n thls paper maps the
reglon -of the maximum of the p-p’ S phase Shlft.~ It 1nd1cates,that there ;s
some need for measurements in smaller energy steps both below 10 MeV and ':

between lO and-QO MeV. One of the problems that has plagued the fleld‘above
f SR

the van de Graaf: reglon covered by the W1sc0n51n experlments has been ithe
avallablllty of 31ngle energy machlnes, and: therefore data have been produced
‘in the course of tlme with dlfferent technlques, energy spread and beam |
stablllty. Presently the much hlgher energy range of electrostatlc generators ,
as well as the.variable energy‘feature of-cyclotrons'allov a broad energy”
range to be coverEdvby the same experiﬁental group,‘ Tﬁig ig the'natural
.evolutionvof the art,rand'its-importance is obvious.: Data acquisltionvtechniques'
have advanced very far'atfpresent)‘and.itvis‘possible to perform.accuratelwork

ln the.measurement of.small polarizations, spinvcorrelations, etcA

Another aspect still requlrlng attentlon and more thorough 1nvest1gat10n |

is that of bremsstrahlung effects.l They probably orlglnate in tran81t10ns_f
1nvolv1ng malnly the P-wave, and therefore, although such effects are small,

they may be relevant to a more exact formulatlon of the scatterlng amplltude,
assumed. to be purely‘elastlc below the meson productlon threshold : Prec1se
measurements have been repeatedly advocated as they may provide a means for
vdlstlngulshlng between'nucleon-nucleon potentials fitted to,elastlc

scattering data.
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"_ FIGURE CAPTIONS

Fig. 1. 'Layout of the scatterlng chamber (not to scale)

Fig. 2. Schematlc of the electronlcs

Fig. 3. . Sample spectrum at 6° Lab and 9. 918 MeV._

Fig. H. .Angular‘dlstrlbutlons 1n p-p scatterung. _The solid circledeere
. | ) : . . - .

measured in the present set of experlments ' The‘squares-were taken'from
Ref. 5 - The trlangles (open and solld) were taken from Ref 8. . The open

circles were measured by Johnston and Young, Ref 10.

Flg 5. Exc1tat10n functlons of P~p dlfferentlal cross sectlons at 20 and'

90 CM. The open clrcles were taken from Refs. 3 and h The uprlght.
trlangles were measured in the present set of exper1ments, the squares are
from Ref 8; the 1nverted trlangles are from Refs. 10 and 38 the dlagonal
cross is from Ref 7, the enc1rcled straight cross is from Ref. 9; the
deUble circles are‘from Ref. 35;,the stralght crossv;s-from Ref. 36;
the-encircled diagonai crosses:are from Ref. 37;Ithe.asterisks are fron
Ref 39;: the SOlld dot from Ref 39. |

Fig. 6. ‘ISO phase shlfts. SOlld squares were obtained with the data of Refs.
3 and L, Inverted SOlld trlangles are from Ref.hs. The open uprlght
trlangles are the solutlon from Ref 31 the 1nverted open triangles are

~ from’ Ref 28, the solid dots were obtalned w1th D data and OPE P-Wave
spllttlng in our exper1ments,4the ‘open circle is obtalned from -the data

of Ref lO the open dlamond comes from Ref 35; the open squares are two

values obta1ned by Ref 4o, and the solid trlangles were . obtalned by

Ref. U41.



‘Fig. 7. Angular :.di's_t'ributa;o:né.bf polarizations obtairied with the -P-wive . -

_ spin orbit splitting (solid line) and the OPE splitting (dashed line). -

a) 6. 1l+1v_1yfev.f
o) B.ogT MeV. S
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‘Table II. Experimental cross sections.

o s i : ]
5 3.1f1 _ _ » - 8.097 - v 9.918
{Mev] . C.M. Cross Sections C.M. Croés Sections a o ' C.M. Cross Sections

o, 40/aa mb-sr™ L] | do/aa(mesrt] ao/da(my- sz ‘do/an[mo- st do/dqmb-sr™)  ao/dn[mbrsr ]
{degvees) B8 D ) B6S . _ D BGS D
6.' © . 976.35%30.07  989.53%30.48 . 56%.,06%16.92 571;05i17.13‘ : : 386.163.86 390.07+3.90
T ' 51C.26t16.62' 526.01t16.62 318.82% 6.38 ' 322,13% é.hh : . 213.h7:2.291 215.4742.31 .
-8 o 300.71% 9.97 313.00% 9.11 o 191;16t'1.h5' 193.06% 1.&7: 132.2820,91 133.60%0.92
9 - 213.00% 5.86.°  21h.77% 5.91 131.26% 0.72  132.15% 0.7 O gh.1h20.75 95.1140.76
10 i52.79t 1.02 '15h.éot i.oe _ . 98.61% 0.66 » 99.U43+ 0,66 : 73.290.61 7hi20:o.62
1 121.74% 0,70 _ '.122ﬂ54t'o;71- ,v82.02£ 0.50'. 82.64t o.51  o 61.990.54 ' 62.71%0.54
2 103.k0% 0.55 - 104.00% 0.55 72.82% 0.49 7500t 050 - ’55.85i0!h0  sesisho
1h ' 85.7hi 0.h5 . B6.21% 0,45 N 63.41% 081 65.91#-0.&1: } 50.86%0.28 51.17+0.28
16 | 80.52 0.k2 - 86,971 0.3 61.67r'o.h2 | 62.19% 0.k2 o ‘h8.97to.27 49.30%0.27
18 - 78;891 0.39 | 79.29% 0.39 .60.831 0.39 -6i.31# 0.39 49,4840, 22 49,7240.22
20 78.99% 0.40 _7§.hit,o.ho, o | 61.08t'o.38 61.55% 0.38 h9.7h*0.35 | 50.13%0.33
25 80.70% 0.38  81.06% 0.38. 6.3t 0.33 62.92% 0.33  50.16%0.59  50.6440.39.
30  81.94% 0.33 . 82.20+°0.34 - 63.25% 0,41 63.77+ 0.h2 - 50.80%0.43 - 51.35%0.13
55 S2.75% 0.39 ¢ B3.12% 0.39 6550t 0.k2 | 6h.03E o2 5L.13%0.L7 | 52.02%0.48
10 82.95t 0.50 | 83.51t 0.5 . 63.92%0.5h . 6h.6LE0.55 . 52.05£0.50  52.70%0.50
45 82.93% 0.91 . . B8k,00% 0.92 "~ - 6h.9ét.o.55 - 65.93% 0.56 52.49%0.56 53.22%0.56
5¢ 83,54t 144 ' -;v85.u7t b7 _ — - — | 51.31t0.99 © 52,6641,01

Te2gT~1doNn



" Table IIT. -
- with OFE.
V;f.of..l

Columns labeled
in, ¢ o : '

Results of the phase shlft analyS1s of BGS data assumlng ‘a P-wave spllttlng cons1stent
c 'correspond to an. 1ncrease of l in ~X2.: and T to an’ 1ncrease

 Phase sniss

‘[degrees]

o9

e 6.141;?“
..l8;097l

o

9.82

10. 5&
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5h 78
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Table IV.

Results of the phase shift analys1s of BGS data assuming a. P-wave spllttlng domlnated by
spin-orbit effects producing a pos1t1ve and small polarlzatlon for angles ‘smaller than 15°

Phase Shift

{dégrees]_”

2.72

Eap X _

| 1 ' L 3 RN .

MeV 8, o, T Py P, P, D, oy T
6.141 5.1k 55.35. _o.0253._'071095 1.38 1.8 -1.39 0.0572 0.161 0,175  0.136  0.587
8.097 9.85 55.11. '0.0245 0.1225 ' 2.09 ,:é.&é -2.12 0.0483 - 0.2M2 0.245 0.129 o{6u7
9.918 - 10.34 : 53.75 0;0557_ C-1859 5.21' 42;98 ,o.113i' 0.582 vo;BAMA *0.318'_ 1.640

~22-

Tegzgr-TEon
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.['with*oPE.,

Results of the phase shlft analy31s of D data assumlng a P-wave sPllttlng consistentf
Columns labeled 0. correspond to an 1ncrease of l

H-"'-fe{,

o fj

ﬁ“.Phase¢Shift

: ‘lff;vf

i TQegfeesjf?ug

R

O 025

l_Q:QélAf .

09 0.031 o

3826 -2.17h

C2317 183

'll5‘1551t?-1:665; 6.2555;030567?\1;"“

0.157 0.038"" 0.168." o.
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Table VI. Results of the phase shift analysis of D -dsta assuming a P-wave splitting dominated by

spin-orbit effects producing a small positive polarization for angles smaller than 15°.. Columns

labeled o correspond to an increase of '1 in X2 and 7 to an increase of 1 .in .

2 g _ R —
ELAB X _ Phase.Shlft.:[degrees]:.> E
' 1 - 3 35 S T 1 . h
Mev 0 % s fo TR 2 % p Do D D
* + B T + £
6.141  5.57 55.49 0.025 0.112 1.3k 1.58k ‘-i.uj5 0.038  0.166 - 0.135 0.137 0.605
8.097 15.69 55.40 0.0k 0.133 2.060. 2.h29 © -2.1kk o.§5o 0.271 1~0,198_ 0.130 0,708
9.918 54,05 0.107  2:665 3.165  -3.035 0.121 0.601 0.2k9 0.32h . 1.630

9.39

- 0.021

~he-

TeegT-THM
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| ‘ o _ , o | g
Table VII. Phase shifts for the analysis minimizing X  and varying the
S-wave phase shift, 'S and P-wave phase shifts and S, P, and ‘D-wave
phase shifts. : ' : ‘

 S-Wave Phase Shifts

‘Phase DiscriminatOr Data - Background Subtracted Data
Shifts SRR N | :
Varied S .- 8,P- . 8,P,D T8 .. 8,  5,P,D

OPE Splitting . -

6.1 55.8h . 55.68°  55.68  55.64  55.52 5.5k '
8.097 © 56.03 . 55.91 5591 S5.TL 5562 55.65
9.918 . 55.28  sh.95  55.09 - skg7  sh.2 k.78

SO Splitting

L6 5576 5547 559 5556 5531 55.35
8.097 .55.81 §5§&o 5540 55.h9 S5.12 0 55.11
- 9.918 54.91 54.09 - 54.05 5. 60 53.86 5%. 75
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

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

Assumes any liabilities with respect to the use of,

.or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report. '

As used in the above, "person acting on behalf of the
Commission" includes any employee . or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment -with such contractor.





