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ABSTRACT 

UCRL-18221 

Proton-proton elastic scattering angular distributions have been 

measured at 6.141, 8.097 and 9.918 MeV laboratory energy, in an experiment 

designed to achieve an absolute accuracy better thanlojo. Phase shift analyses 
\ 

have been performed using S.,.,splitP-,and D-waves. The P.;.wave splitting was 

assumed to be dominated by a) a central plus tensor interaction or b) a 

central plus spin-orbit interaction. In both cases the P-wave splitting was 

kept.small, a condition imposed by the small polarizations measured in this 

energy range. 

* This work was performed under the auspices of the U.S. Atomic Energy Commission. 
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I. INTRODUCTION 

Low energy proton-proton scattering has been the object of very 

'" t 1" t" t" 1,2 d t f 1 t t" accurate experlmen a lnves 19a lon, an ,excep or e ec romagne lC 

. 2 
complications, it is the most suitable source of information concerning the 

nuclear interaction of two nucleons in the S-wave. i 'The research carried out at 
, I 4' 
I " 3. Wisconsin was particularly fruitful; two different: experimental groups . , 

covered the range between 1.397 and 4.203 MeV (laboratory energies). Between 

4.203 and 10 MeV there have been several other experiments,5-
l0 

but significant 

disagreement among these data has indicated the need for more accurate differ-

ential cross sections in this energy range. 

A comprehensive analysis of the experimental information below 40 MeV 

11 
was done first by Mac Gregor, using a selection of data in this energy range. 

The MWF3 data were the first to show a definite "anomaly" with respect to 

pure S-wave scattering, and thus .indicated the necessity of P-waves in the 

12 
analysis of low energy p-p cross section data. Early analyses were per-

formed in terms of the S-wave phase shift KO and an "effective" P -wave Kl · 

Mac Gregorll stressed th~ 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 predicted different, though small, 

, 13-15 
polarizations, and later measurements showed these to be, indeed, 

small. Thus, large P-wave splittings should be ,excluded. 

One of the interesting aspects of low energy p-p scattering is the 

possibility of the determination of shape dependent effects on the S-wave 

phase shift. This is not yet feasible for n-p scattering for 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 determination is between zero and 10 MeV. 

An important experiment has been performed in this connection, consisting of 

the precise determination of the energy of the interference-minimum in 

t " 16 Th" d t' b 0 3S243 + 0 00020 M V d f p-p scat erlng. ,lS was measure 0 e. '-. e ,an rom 

1 ' U 
this a very accurate value for the So phase shift was derived.' This phase 

shift, in conjunction with the data of Ref. 4, was used, by several authors to 

attempt a determination of shape dependent parameters in the expression 

C2k cotg 0 +! h( 1)) = _ !.. + ! r k2 _ Pr ~\ 4 + Qr 5k 
6 - •••. , where the o R ~ 2 e e e 

- symbols have the usual meaning. 1S Rt:;:ference lS contains a summary of the 

situation concerning this point. There are uncertainties if the analysis is 

restricted to the interference minimum datum and to the KMBND4 data set. The . 
inclusion of,theWMF data in the analysis reduces such uncertainties,lS but, 

nevertheless,the shape dependent scattering parameters are not determined 

unambiguously. Heller
2

has recently added the phase shift at 9.69 MeV,' 

10 
obtained from the data of Johnston and Young, to the interference minimum 

datum and to the KMBND data set. The analysis was carried out using the 

effective-range expansion up to and including a 'cubic term in the energy. 

The shape dependent coefficients P and Q were obtained with large errors. It 

is also well known that ,the-point at 9.69 MeV is too close to the radius of 

convergence of the series to warrant a fit with a small number of terms in the 

expansion. This was recognized by Heller himself. 

Another approach was made recently by Noyes and Lipinski19 in analyzing 

the 9.69 MeV data
lO 

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 po~arization and electromagnetic structure effects in the S,wave were 

1 
neglected. They concluded that the . So phase shift determined in the analysis 

was in modest agreement with the predicted OPE shape correction. 

The measurement of precise arigular distributions between 4.203 and 

10 MeV; to better than Flo absolute accuracy se~med to be another prorrlising,. angle 
, I 

I I 20 121 I 
of attJack to· solve the problem of shape dependence. Another paper; wi:Ll 

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. 

II. EXPERIMENTAL DETAILS 

A. Sc~ttering Chamber,Beam Energy and Charge Collection 

The Berkeley 88-inch sector-focused cyclotron was used to produce a 
. , . .. + 

proton beam, accelerated as H2 ions. The reason for th is was twofold: slit 

+ scattered H2 ions result in free protons that are not focused by the beam 

transport system, and thus slit effects are minimized. It was also a means 

of reaching the low energies required in this experiment. The beam was conveyed 

through an analyzing magnet and quadrupole magnet lenses into the scattering 

chamber. The beam was defined by nickel slits and carbon antiscattering baffles. 

The entrance foil was 0.25 mil thick dural, and the exit foil was about 

3" diameter, 1. 9 mil thick. Figure 1 shows the general layout of the scattering 

chamber .. The pressure was measured to ± 0.1% accuracy with absolute silicon 

oil manometers. It was continuously monitored via a closed circuit television 

syptem with cameras sighting both ends of the silicon oil columns. Calibrations 

of this manometer ",ere made by measuring the oil density relative to both 
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distilled water and distilled mercury. The results of such alternative methods 
. 4 

agreed to one part in.10. Prec~sion thermometers were placed on the body of 

the scattering chamber and on the silicon oil manometers, contact was effected 

with silicon grease. The temper~turewas measured to ± O.lOK and the total 

variation of it throughout' .the e~periment was within ± 0.25°. The experimental 

cave is isolated from the'outsidt with thick concret~ blocks and itst~mperature , I . ' , 

remained very stable, particular'h.y since care was exercised in restricting the 

opening of the heavy concrete door. The collection of charge was done with a 

Faraday cup and an integrating electrometer, accurate to ± 0.1%. Calibrations 

were performed before, during, and after the experiment using the electric 
, 4 

cUrrent method with resistors and voltages measured to' one partin 10. The 

current calibrations were performed at different intensities covering the 

range used during the experiment. During the calibration, the box containing 

resistors was kept at constant temperature. A.thermometer accurate to O.loK 

was used to monitor the tempe~ature. The integrating circuit capacitor was 

insensitive to the small temperature changes which occurred during the 

experiment, within ± 0.2°K.The beam integrator contained a fast relay for the 

recycling of the integrator circuit. The correction for its dead time was 

readily determined using the current method at the intensities employed during 

the experiment. The maximum correction was (2 ± 0.1)%. 

The beam energy was determined through its range in aluminum, and 

22 
converted using experimental ranges. Energies at the center of the target 

were 6.141, 8.097, and 9;918 MeV, with target gas pressure near 0.050, 0.075, 

and 0.1 atmospheres, respectively. The range':'energy conversion is accurate 

to about ± 0.1%. Thus, a limit of error on the energy determination can be 
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safely set at ± 0.4%, which includes some small drifts of the beam 

energy during the experiment. 

The width at half maximum offo~ward angle spectra was 63 keV at 

9.918 MeV, 50 keV at 8.097 MeV, and 59 keVat 6.141 MeV, mainly due to the 

energy resolution of the d~tectors, electron:Lc noise and gas geomet/,ry . The 

I . ' 
beam width itself was below 10 keV. The detector collimators were constructed 

with brass and slits were cut on 11 mil t;hick nickel plate. Rectangular geo-

metry was used and the alignment was effected optically with a t~ansit. The 
, , 

collimator assembly was provided with fine thread screw adjustments", permitting 

an accur~cy close to one mil in the horizontal plane alignment. The vertical 

adjustment was, of course, less critical but it was achieved with a comparable 

accuracy. The angular resolution was 0.5°. The detector arms were aligned 

optically, and the position WaS read on two dials with vernier scales. The coupling 

of the arms to the dials was rigid, and there was no uncertainty usually associated 

with indirect readouts or non rigid couplings 

The measurement of distances from the center of the chamber to the 

4 
collimators was performed to an accuracy better than one part in 10 for 

most linear dimensions. The slits themselves were measured with a very precise 

optical comparator system,equipped with a digital readout. The accuracy of this 

apparatus was ± O.lll. The slits were in the range of 15001l wide and were 

mapped at about 1501l intervals. Both faces of the slit were mapped and 

a slight wedging was determined. The areas of the rear slits were evaluated 

by numerical integration of the mapping. The front slit width was averaged 

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

Detection of scattered protons was accomplished with two lithium drifted 

silicon detectors, one on either side of the beam. The positioning of detector 

assemblies was accurate to o~o16°. A single collimation geometry was used at all 

-6 
angles with a value of about 7><10 cm":sr. This choice had, of course, advantages 

in that it eliminated normalization errors that could occur if severa}'geometries 
: I f 
, , 

had been used. ,Counting rates were kept constant by changing the beam intensity 

as a function of angle. 

Counting statistics were kept in the range of 0.3''/0. Dead time losses 

were kept below 1% ,and corrected by means of fast scalers to ±'O.l% accuracy. 

Figure 2 shows a diagram ofthe~lectr~nics. Spectra were stored in two pulse-

height analyzers. Two monitor detectors were also used, one at 8° and the 

other at 25°, off the horizontal plane. Their spectra were also recorded in 

an analyzer. 

Coincidences (prompt and delayed) between both detectors in the horizontal 

plane were also recorded in order to obtain an 'indication of inelastic events. 

The net difference between real and accidental coincidences set a limit on in~ 

elastic events at about 0.1% of the elastic cross sections. 

Tests of the beam aligD1l).ent were made by interchanging positions of the 

detector assemb~ies. The two independent yields were in agreement within the 

statistical fluctuation and the contribution 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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III. EXPERIMENTAL CROSS SECTIONS AND ERRORS 

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

Figure '3 shows a typical experimental spectrum at a small angle. Some 

discussion is appropriate concerning the evaluation of counts under the peak. 

,3 4 
The technique used for the Wisconsin experime~ts, ' performed with gaseous 

proportional counters,relie,d onadiscriminator method applied on a ~!' 

spectrwn (.6E isas~ll fraction of 'the energy of 'the protons entering the 

sensitive volume of the detector). The series of experiments of Johnston and 

, 10 
collaborators at Minnesota was performed with NaI (Tl) scintillators, the 

protons stopped in the crystal producing a signal proportional to energy., 

However, the energy spectrum was mainly used for the purpose of 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 

setting. Such pulses were assumed to be "elastically" scattered protons. 

We have consistently recorded the energy spectra at all measured 

angles. The small peak due to elastic scattering on impurities separates well 

from the elastic proton-hydrogen Peak at angles larger than 7° (laboratory system). 

For consistency with the "discriminator methods" used in the experiments mentioned 

above we have evaluated the peak counts by means of the simulation of a discri-

minator setting (from now on called D data). However, 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 

ros data). 
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A sumrnary of typical errors is given in Table 1. The errors at the 

two smallest angles of Table II are largely due to the uncertainty in the sub-

traction of the elastic, peak of contaminants. The yield due to cont,aminants 

was consistent with the quoted purity of H2 gas at the beginning of the 

experiment at eachenergy~ The build up'of contaminant was rather slo, and 
I , ! ';,', 'i, 

increased from 0.01% to 0.65% during the measurement of each angular'di:stri-, ,", I 

bution. This was determined by evaluation of the . impurity peak counts on"the 

monitor detector a t 25 0
• The small angles were measured first with new gas. 

, I . 
At larger angles the elastic group of protons scattered off hydrogen would 

separate from the contaminant pe~k. T4e contribution from inelastic scattering 

to'exclted states of the contaminants intheinve~t:i.gated angular range was less 

than 0.1% of the elastic scattering off hydrogen. It was not deemed necessary to 

renew the gas during the experiment ata given energy, nor to use a flow 

system in view of the exceptional vacuum tightness of the scattering chamber. 

Wall outgassing was probably the major contribution to the small ,contaminant 

build up. 

The simultaneous measurement of yield on both sides of the beam per-

mitted a considerable reduction 'in the errors from possible misalignment of 
. :' . 

the beam. The number of yieidmeasurements was larger than 100, and only two 

were finally discarded from the analysis. The'accuracy of the, fast scalers 

was measured with a pulse generator at the rates' used during the experiment, 

and it was found to be better than 0.1%. Dead time corrections exhibited a 

reasonable consistency for both detector systems. 

Table II summarizes the cross sections obtained with the background 

subtraction technique and also with the discriminator method. Second order 
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geometry corrections were calculated using formulas developed by 

. . 23 . 
Silverstein.' Finite beam and divergence effects were calculated numer-

ically, and the resulting corrections were necessary only at small angles. 

Corrections for slit effects and multiple-scattering were made following the 
I 

experience of the measurements performed at IWisconstn, using formulas for 
. " I 

.•... I . , 21~ 25 'I 
multiple scattering due to Williams and M9lliere. The detection I 

efficiency of the solid state detectors is close to unity in the energy 

range between 0 and 10 MeV. However, the loss due to reactions was corrected 
·if 

\{,~:. 

approximately using recent 
. ' 26 

experimental results and ca~culations. The 

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

usingthe'appropriate relativistic Jacobian transformation. 

IV.' ANALYSIS 

A phase shift analYSis was performed using a program developed by Knecht27 

and written by Jenkins. It was adapted for use with a COO 6600 computer. 

This program includesS, P and D-waves. The conclusions reached by Uoyes 
. 19 

and Lipinski at 9.69 MeV concerning the negligible contribution of F-waves 

are-also applicable at 9.918 MeV, and, a fortiore, they hold at lower 

energies. Also, the results of recent phenomenological phase-parameter fits by 

28 
the Yale group ~hownegligi ble F-\018ve contributions at 10 MeV • Consequently, 

we ha,ve considered that an analysis limited to S, P and D-waves is valid' and 

meaningful for experiments of the order of 0.5 to 110 accuracy. VaCUUl;l polari-

zation corrections for L ::: 1 were carried out using formulae derived by 

29 . -
Durand. The S-l'laVe vacuum polarization correction was not performed, 

.b.S it is easi ly done using the procedure of l"oldy and Eriksen30 in the 

cfl'ec\"ivu rul.C€: expansion. 

( 
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Noyes and Lipinski19 have concluded that the 3p phase shifts 0,1,2 

0l,J should have the +.., + OPE signature at 9.69 MeV and that ~S/4r. 

should be in the range 0.07 to 0.15 where 

'\S = ( -2 °1,0 
- 3 °1,1 + 5 °1 2)/12 , . 

• I 

and 
I 

II 

+ °1,2)/72 
". j 

~ = 5(2 ° - 3 °1,1 ". 1,0 

Nevertheless, following a more phenomenological approach we have chosen 

in our analysis to retain the possibility of two different _ signatures of the 

split P-wave phase shifts. One is consistent with a tensor interaction pro~ 

ducing negative polarizations ,while the other (+ +- signature), produces 

a positive polarization at small angles and corresponds to a dqminant spin-

orbit interaction. In both cases the strength of the splitting was kept small, 

- 13 14 
consistent with the existing experimental values of polarization. ' 

Results of out analysis are given in Tables III-VI. 
2-

The listed errors are based on the criterion of an increase of 1 in X ,-

and, alternatively, iri the parameter <P = ;. /N (where N is the number 

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

P-wave and the D-wave phase-shifts in successive steps. Table VII shows the 

values obtained for the S-wave phase shift at each step. 

Figure 4 contains a plot of the angular distributions of D data 

obtained in our experiments, together with those obtained by other groups at 

neighboring energies. Figure 5 shows an excitation function of the cross 

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

contains a plot of the lSO shifts obtained from our D data and from other 
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sources. Included are some recent values calculated by Mac Gregor et al. 31 

as a reasonable extrapolation to low energies from analysis of higher energy 

d,ata. However, these low energy values were obtained in the context of a shape 

independent approximation and therefore comparison with experiment may be rather 

unfavorable. 
. . 28 : I 

The phase shifts obtained by Seamon ,et al.· at 10 and 20 ~eV 
.. i . 'j.,' 

are also plotted; in our opinion they agree ljletter with experiment than the 

values of Ref. 31 at energies between 10 MeV and 30 MeV. 

Our cross sections at 9.918 MeV disagree with the extrapolated values 

obtained from the Minnesota experiment at 9.69 MeV; assuming a l/E dependence 

of the cross section, by more than one standard deviation. The plot of the 

excitation functions in Fig. 5 is not expanded enough to show this difference 

but the plot of phase shifts in Fig. 6 bears this out. However, the cross 

sections measured at Minnesota are on th.e order of 1 to 2% higher than the value s 

obtained at the Rutherford high energy laboratory,33 at-the energies where they 

overlap. Mac Gregoret al. assign a probable normalization of 1.015 to the 

final search in fitting the data, this means that the data should be scaled 

by O. 985 for consistency with their phase shift solution.· Figure 7 shows the 

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

splittings. 
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V. FINAL REMARKS 

. Figure 6 shows that the information reported in this pape~maps the 
. . 1 

region of the maximum of the p-p So phase shift. It indicates. that there ,is 

some need' for measurements in smaller 'ener'gy steps both below 10 MeV and 

between 10 and 20 MeV. O~e of th~ pr6blemsthat has plagued.the 'fieldl'above 
il 

the van de Graaf: region covered by the Wisconsin expe'riments has been ithe 

availability of single energy machines, and therefore data have been produced 

. in the course of time with different techniques, energy spread and beam 

st~bility. Presently the much higher energy range of electrostatic generators 

as well as the. variable energy feature of cyclotrons 'allow a broad energy 

range to be covered by the same exper~mental group~ This is the natural 

. evolution ·of the art, and its importance is obvious. 'Data acquisition techniques 

have advanced very far at' present, and it is poss'ible to perform accurate work 

in the measurement of small pol8.rizations, spin correlations, etc. 

'Another aspect still requiring attention and more thorough investigation 

is that of bremsstrahlung effects. They probably originate in transitions, 

'. 1 . . ' 

involving mainly the P-wave, and therefore, although such effects are small, 

they may be relevant to a more exact formulation of the scattering amplitude, 

assumed. to be purely elastic below' the meson production threshold.· Precise. 

measurements have been repeatedly advocated, a~ they may provide a means for 

distinguishing between nucleon-nucleon potentials fitted to elastic 

'.' '34 
scattering data. 

I 
,I 
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FIGURE CAPl'IONS 
"" ' , I 

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

Fig. 2. Schematic of the electronics. 

Fig. 3· ,Sample spectrum at 6 ° Lab and 9. 918 MeV • 

" 
, .' 

Fig. 4. Angular .distri but i o,ns in p';'p scatter,ing. The solid circles were 
i. ' 

measured in the prrsent set of experimentf' The squares were taken from 

Ref'. 3. The triangles ( open and solid) . were taken from: Ref. 8. The open 

circles were measured by Johnston and Young, Ref. 10. 

Fig. 5. Excitation functions of p-p differential cross sections at 20° and 

90°CM. The open circles were taken from Refs. 3 and 4. The upright 

triangles were measured in the present set of experiments; the squares are 

from Ref. 8; the inverted'triangles' are from Refs. 10 and 38 the diagonal 
, . .. .' \ 

cross is from Ref. 7; the: encircled straight cross is from Ref. 9; the 

double circles are from Ref. 35; the straight cross is 'from Ref. 36; 

the· encircled diagonal crosses are from Ref. 37; the asterisks are from 

Ref. 39; the solid dot from Ref. 39. 

Fig. 6. 
1 
So phase shifts. Solid squares were obtained with the data of Refs. 

3 and 4. Inverted solid triangles are from Ref. 8. The open upright 

triangles are the solution from Ref. 31, the inverted open triangles are 

from Ref. 28, the solid dots were obtain,ed with D data and OPE P-wave 
" 

splitting in our experiments; the open circle is obtained from the data 

of Ref. 10; the open ,diamond comes from Ref. 35; the open squares are two 
i 

, I 

values obtained by Ref. 40; and the solid triangles were obtained by 

Ref. 41. 
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,.', 

,Fig. 7. Ang;ular ,distributions of polarizations obtained wi ththe P"':wa:ve ,,' 

spin orbit splitting (sqlid'line) Enid th~ OPE ~plitting (dashed,line). 
, r 
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b) 8.097 MeV~ 

'c} 9~918 MeV~ 
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Table II. Experimental cross sections. 

BLAB 6.11~1 8.097 9.9i8 

~ 
C.M. Cross Sections C.M. Cross Sections C.M. Cross Sections 

/ . • -1] dO'/uD [mb. sr-l ] 
. i / -1 / -1 / -1 8

L 
dO' un 1mb·sr dO'/dn[mb'sr~ ] dO' dn[mb'sr ] dO' dn [mb' sr ] cO' dn [mb' sr ] 

(der;::.:ees) . ffiS D ros D ros D 

6 97G·35=30.07 989. 53±30.48 564.06±16.92 571. 05±17 .13 386. 16±3 . 86 390.07±3.90 

7 516.26±16.62 526.01±16.62 318.82± 6.38 322.13± 6. ~l~ 213. 1n:!2.29 215. 47±2.31. 

8 309·71± 9.97 313.00± 9.11 191.16± 1.45 193.06± 1.47 132.28±0.91 133.60±0.92 

9 213.00± 5.86 214.n± 5.91 131.26± 0.72 132.13± 0.73 9h.14±0. ~r5 95.11=0."(6 
I 

io 152.79= 1. 02 154.00± 1.02 98.61± 0.66 99.43± 0.66 73.39±0.61 74.20=0.62 ro 
0 
I 

11 :!.21. 74± 0."(0 i22 .. 54± 0.71 . 82.02± 0.50 82.64= 0.51 61.99=0.54 62.71=0.54 

12 103. 11:0= 0.55 104.00± 0.55 72.82± 0.49 73.44± 0~50 55. 83±0.).o 56. 34±0.ho 

111 85.7h± 0.h5 86.21± o.M 63. ta± 0.41 63.91±0.41 50.86±0.28 51. 17±0. 28 . 

16 80.52± 0.42 80.97± 0.43 61.67± 0.42 62.19± 0.42 48·97±0.27 49.30±0.27 

18 78.89± 0.39 79.29± 0.39 60.83± 0.39 61.31± 0.39 49. 48±0.22 49.72±0.22 

20 78.99± 0.40 79. in± 0.40 61.08± 0.38 61. 55± 0.38 49. 74±0.33 50.13±0.33 

25 80.70± 0.38 81.06± 0.38 62.43± 0.33 62.92± 0.33 50. 16±0.39 50. 64±0.39 

30 81.94± 0.33 82.20±0.34 63.25± 0.41 63~77± 0.42 50.80±0.43 51.35±0.43 

35 82.74±0.39 ; 83.12± 0.39 63; 52± 0.42 . 64.03± 0.42 51. 43±0.47 52.02±0.48 
c:: 

~\() 82.95± 0.50 83.51± 0.50 '63·92± 0.5!' 64.61± 0.55 52.05±0.50 52.70±0.50 (") 

~ 
t"i 

11-5 B2.93± 0.91 81,.00± 0.92 61,. 92±0. 55 65.93± 0.56 52.1,9 ±o. 56 53.22±0.56 I 
I-' 
(X) 

'-(\ 83.511:!: 1. 1,1, 35. 1q± 1.47 51. 31±0.99 52. 66±1.01 ro 
-'~ ro 

I-' 
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Table III •. Results of the phase shift analysis of IDS data assUming a p..:.wave sp1itting~consistent'" 
wi th OPE •..... Gol\llims1abe1ed' 0' 'correspondtd aIJ,increaseof' 1,,-'in .x.2;:: and.'." T'toaiiiricr.ease ' .. 
bfl in ¢ ~ . . 

. ELAB i 

MeV 

6.141" . 5.13 

8.097 . 9.82 

1 
So 

± 

0' 
s 

.. T . s 
'± .... 

•... 

. ·3 
, 'Po 

55.54 .' 0.024 0.102 .2.36 

.' 

55.63 0~024 0;120 . 3.16 

'Phase Shifts [degrees] 

3 .' P
l 

...... 3 . 
". P2 'O'p 

± 

~1.24 0.19E> .' 0.029 "0.126 

.. 

"1 . ..•. D2 

0;116 

·····.·O'D "'.'1" 
'. 'D 

~£!-,-131 " ... 0.564 

-1.64 ,0. 282 6~049" O.243.·0~118 ··Q.124 '0.619 

9.918 10.34 54~78 . 0.032 0.167 3.88 . :.,2.12 '0.276.· 0.094 0.489 .' 0,'105-·0 •. 204 1.049 

.. ,; .. ".. '" ,"'., .. 

... 
f\) 
t-' 
1 

~ 
~ 
t'i. 

'1 

~ 
f\) 
f\) 
t-' 

"J 



Table IV. Results of the phase shift analysis of ros data assuming a P-wave splitting dominated by 
spin-orbit effects producing a positive and small polarization for angles smaller than 15° . 

ELAB l Phase Shift [degrees] 

MeV lS 
° 

3p 3 3 lD -'t" P1 P2 0p 't"p °D 
.... 

0 s s - 0 2 'D 
± ± ± ± ± ± 

6.141 5.14 55.35 - 0.0253 0.i093 1.38 
- -

1.62 -1. 390.0372 0.161 0.173 -0.136 0.587 

8.097 9.83 55.11 0.0245 0.1225 ·2.09 ·2.46 -2.12 0.0483 0.242 0.245 0.129 0.647 

9·918 10.34 53·75 0;0357 0.1839 .2.72 3·21 -2.98 0.113 0.582 0.3440.318 1.640 

- I 
f\) 
f\) 
:1 

c-o 
g:t 
I 
I-' 
OJ 
f\) 
f\) 
I-' 
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Table V: .'. Resu1t;~.·. of" th~ phase shift .' arie,lys is of', ~D~~data assUming a :P,-w8vesP:Li tt :Lng cons istent­
wi th ' OPE .ColUI!1I+s 1abe1eddccorrespond t.cyan increase; of., 1, .in X2, ,and, ···'r·,to an increase of 1 in¢. . . '. . .' .. 

ELAB 

MeV 

6'.141 " 

8.097 

9·918 

',f' Phase Shift tdegrees]' 

1 . . 3p .. } " 3p So (J 'r. P (Jp . 'r p , 
S S .. 0 1 ,. 2 

± ± ± 

.,.lD2~,~(JD ' 

5.56 55~ 67 o. 025 .0~109 " 2.317 ~L283" 0.157, q.038 "'0.168 o. 075 ..... ' o~ do 

1}.68 . ," 55.91 0.021 0.114 3·135 . -1. 665., 0.2550.050 0.271 '0.06"(0.126 

9.37 _ 55. 09 .... 0;031 0.159 -- , - . 
3;826 ,-2.174· 0.2260.106 0.532 0;009 0.230 

. :-,:-,-

'1' 
·D 

± 

0.576 ~C.· 

0.686 

1.154 

" 

.....•. 

-: : ~ .... -. 

'" 

,,'-: ....... . 
!\) '. 

VJ 
I 

g 
!XI 
t-I 
I 
I-' co 
!\) 
!\) 
I-' 



Table VI. Results of the phase shift analysis of D data asswnirig a P-wave splitting dominated by 
spin-orbit effects producing a small positive polarization for angles smaller than 15°._ Colwnns 
labeled a correspond to an increase of 1 in x2 and 't" to an increase of 1 in <1>. 

ELAB l Phase Shift [degrees] . 

MeV lS a 't" 3p 3p 3p a 't"p lD 
aD 'rD 0 s s 0 1 .2 P 2 

± ± ± ± ± ± 

6.141 5.57 55.49 0.025 0.112 1.344 1.584 -1. 435 0.038 0.166 . 0.133 0.137 0.605 

8.097 13.69 55.40 0.024 0.133 2.060 2.429 -2.144 0.050 0.271 0.198 0.130 0.708 

9.918 9.39 54.05 0.021 0.107 2~665 3.165 -3·035 0.121 0.601 0.249 0.324 1.630 

I 
I\) 

+" 
I 

§ 
~ 
t-I 
I 
r-' co 
I\) 
I\) 
r-' 
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Table VII. Phase shifts for the analysis minimizing 
S-wave phase shift, Sand P-wave phase shifts and 
phase shifts. 

S-Wave Phase Shifts 

UCRL-18221 

2 . 
X and varying the 
S, P, and D-Mave 

! 

~
hase Discriminator Data Background Subtracted Dat~ 
Shifts 

ELAB Varied 

6.141 

8.097 

9·918 

6.141 

8.097 

9·918 

S 

55.84 

56.03 

55.28 

55.76 

55.81 

54.91 

, I 

S,P S,P,D 

OPE Splitting 

55.68 ' 

55·91 

54·95 

55,.68 

55·91 

5~·09 

SO Splitting 

55.47 

5.5.40 

54.09 

.55.49 

55.40 

54.05 

S 

55.64 

55·71 

54.97 

55.56 

55.49 

54.60 

S,P 

55.52 

55.62 

54.72 

55.31 

55·12 

53.86 

,S,P,D 

, 55.54 

55.63 

54.78 

55·35 

55.11 

53.75 
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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 behal f of the Com,mission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, co~pleteness, 
or usefulness of the information contain~d in this 
report, or that the use of any information, appa­
ratus, method, or process di~closed ·in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use 6f 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 ot contract 
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