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" ABSTRACT

A phase-shift analysis of nt -p and n.p elastic ecattering at 310 MeV
hao been performed. The data includes differential and total croae-section and
-recoil-proton polarization data for both w' -p and ® -p elastic scattering, as °

well as differential cross section data for charge-exchange scattering. Inclusion

.of 4 waves wqe ﬁecessary to attain an adequate fit to the data; in the case of

n -p differential cross section, the best fit included f waves. A general
phase-shift search using s,p and d }wavea waé carried out; a siggle solution
was obtained that adequately fit all the available dat;a The most notable
characteriatice of this solution are I-spin 3/2 phase shifta similar to those ob-
tained in a previous analysis of the ot -p data and a relatively large Dl 5 phase

shift equal to approximately 15 deg. Errors on the l-spin 1/2 phase shifts of

this solution range from 0.3 to 0.9 deg. The I-spin 3/2 phaee'-shiit errors are

similar to those obtained previously. Because the ©° -p differential crosa;egction
data indicated a possible need for f waves, and since the only satisfactory spd
solution &aplayed a large d-wave phase shift in the 1-spin 1/2 state, the analysis
was extended to include f waves. - The result of allowing f waves was to increase
the errors on each of the phase shifts (up to about 2 deg), and also to {atroduce two

new solutions, neither of which can be ruled out statistically. These new solutions
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are similar to the d-wave solution in the I-spin 3/ Z.phase ahlfts-, but irary rather

widely in I-spin 1/2 éhas'a shifts. Inelastic scattering p’rocesées were neglected

throughout most of the analysis; however, a study of their effects on the final .

solutions was made and these effects were seen to be unimportant.
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I. INTRODUCTION

A series of experiments onn -p elastic acattering at an incident-pion

kinetic energy of 310 MeV have been completed, These measurements complement

the ot -p elastic ncatterins data obtained by Rogers et al. i and Foote et al. 2 "I‘he :

relatively high accuracy of all of this data makes it practical to periorm an accurate
phase-shift analysis. The data used in this analyais is the following: for
3

n -p = 7 -p, the differential croes section (DCS) raeasured at 28 angles, ~ the

- b
total crosse section, 4 and the recoil-proton polarization measured at 4~angle§';"3
For n'*-p g w*-p.' the diiferﬁi_ﬁal cross section measured at 23 angles, 1 the

“total cross section, 1 and the recoil-proton polarlzation.meaaured at 4 angles.

2

Also incorﬁorated is a charge-exchange differential cross-section meaadrement

at 317 MeV by 'Car;e'et al., 5 and an approximate inelastic cross-pection de- |
termination by Barish et al. 6 o . o A

Anzlysis of scatteﬁng data can be carﬂcd'oﬁ in t,e.rtlns of partialfsv;ave

expansione and phase shifts, These phase shifts have been the usual meeting

' pla.ce- of ‘theory and experiment for elastic scattering. Sufficiently accurate scat-
tering data can lead to a réxh‘er precise determination of the phase -m&e, which’

in tura can impose limitations on any proposed theory of the pion-nucléon inter-
. action.

1/2 and I-spin 3/2 states of the n-N system, whereas analyeis of v+-p scattering

Analysie of 7 -p scattering provides information about both the I-spin

gives information only about the l-spin 3/2 state. While the I-apin 3/2 phase shifts
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are fairly well known, moast of the I-spin 1/2 shifts are uncertain in magnlmde‘and

even in sign. The uncertainty in the energy region below 300 MeV is moatiy due

to the fact that the 1=3/2 shifts dominate the interaction to such an extent that they

effectively mask the contributions of the l-spin 1/2 phase shifts to the experi-

- mentally measurable qudntiuea.' An accurate phase-shift analyeis of the ﬂ*—p

data at 310 MeV has -already been completed by Foote et al., 7 8o it ié mainly the
purpose of this data to provide information about the I-apin 1/2 phase shifts at
310 MeV, as well as to yield a better determinaﬂon of the I-spin 3/2 shifts.

An analysis of the w -p DC8 data, ae well as the previoue at P analysis,

indicated that at least diup to and inclnding!‘l = 2) waves must be e_mployed to fit

the experimental data well. F\artherm'.ore. the best fit to the ¢ -p data. was ob-

tained by xncluding f(up to £ = 3) waves, For this reason an aéd _analyeis and

"an spdf analyeis of the data has been made. Section 11 presents the equations

used in the analysis., In Section III we describe the search program, and in

~ Section 1Y the phase-shift inves‘tigauone' and results of these inveétigauona. A

discussion of results follows in Séction V.
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II. PHASE-SHIFT EQUATIONS |
This section outlines the connection betv‘ref‘enj. the observable.quantiﬁéa
that can be measured and the T-N phase shifts, The- aypngiaelon of 4tbe usual
phas-e'-shift equations to systems of "wﬁop and no-n is reviewed, and finally -
the equations including nonrélatiﬂptic Coulomb and first-order relativistic -

Coulomb corrections are presented.

A, Cross-Section and Polarization Ex;aieeaio_ns
The notation used in this section is eseentially that used in Bethe and
Morrison. 8 In terms of g(f) and h(6), the non-spin-flip and spin-flip scattering
amﬁntudes. the differential cross section (hereafter referred to as. DCS) is

expressed by
42 .0) = | go|® 4| ne@|? . W
The expressaion for polariéation’ of a proton scattered from a plon is

P(O)2 R"@dée) ao)l (2
- (9 :
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B. Scatfering_Amplitudés :

1. Non-Spin-¥lip and Spin~Flip Amplitudes
The derivation ,oi' the partial-wave exp&aai’o’l;xa of the scattering ainpumdéé
" ia carried out in maay references, as. ior'exémple,' Ashkin, 9 KNeglecting Coulomb

effects, the result for the non-spin-flip amplitude 5. -

.‘maa . njfggﬁfl ffi%?‘*}":l | ", “exp| Zi&}]-l. : ' :
g(6) =X | (2+1) : d + 4 : ]PQ (cos 0), (3)
= 0 a - A S
and the spin-ﬂipA amplitude ie ‘ .
masx
: n exp { 31& ] - exp[ 28 ] o
B(6) = ) [ - L L pg (cos §). (@
=) . S

Definitions of quantitﬂes appearmg ln E.qs. {3) a.nd {4) are |
ﬁ = orbital-angular-momenmm quantnm number.
6!dB = phase shifts for orbitax-angular-memenwm state £ and
total-angular-momentum guantum number J= £ & 1/2.

n{b = {nelastic parametera correnpondsng to each of the phaae ehifta.

These are € 5, being equal to unity in the absence of inelastic scatte‘rhig. ‘

The use of inelastic parametera allows the phase shﬂft 6£ to be
completely real even in the preeence of inelastic acattering. in thia
report the term "phaee shift" refers te the real part 6£ .

&

“k® wavolength oi either particle ia the c.m. system {A = 1/k).
Pg {cos 6) = Legendre polynomial. '

Pl (coe 9)= associate Legendre polynomial. defined by

P‘ (003 9) = sin 6 Hrc-ad?vr Pg(COB 9)

. 6 = c.m. scaﬁeﬂng angle for either the pion or the proton.

PR
A

w[;;; e '“‘;;?;“;‘. I F T TN
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2. Isotopic Spin

The n*-p system, which has 2 2 component of isotopic spin Iz s 3/ 2,
can exist only in the isotopic spin state 1= 3/2. However, the ¥ -p eystem,
for which I = - 1/2, is a linear combination of isotopic-spin states I = 3/2
and I=1/2, As shown, for esxample, in Bethe and de ‘Holfman. 10 the acatﬁering
amplitudes for the three elastic reactions for charged pions and protonﬁ are as

shown in Table I.

C. Inclusion of Coulomb Correétions

The scattering amplitudes given by Eqe. (3) and (4) have been exsénded to
take into consideration the nonrelativistic Coﬁiomb..eifectu_ as well as the firet-
order relativistic Coulomb corrections. This extension was carried out by
Foote et al. 7 and is based on »the work of Stapp et al, 11 and &oimitz. 12

In this section we use Foote's Egs. (7-) and (8) of Section B;,g ‘20 write
down Coulomb-corrected scattering amplitudes for the reactions of Table I. It
will now be convenient to distinguish between phase shifts for states of isotopic
spin 1/2 and 3/2., In our Egs. (12) thréugh (17) we use the notation:

&31¢ = phase shift for orbitél-angular-moxnehtum quantuni number !, total-
7. 'f-.‘i}?a'z-aagulfar-moment\im state J = 4 2 1/2, and isotopic-spin state

73 I = 1/2;

v -
cassd L

"l* = {nelastic parameter (defined in Section H-B-l) correspoading to the
élt_phase shift above; . '

“l& e phase shift for orhital-aﬁgular-momentum quantum number !, total-

{, istal ~angular-momentum state J = £ & 1/2, and isotopic-spin state

= 1/2 1= 3/2; . | |

p‘d’ = inelastic parameter‘ corresponding to the o.‘* phase shift above.
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The new quantities to ge introduced in Eqs. (12) through (17) are

ns %‘—" * ' : » v : (5)
where v is the laboratory-aystem velocity of the incident pion. and
5. (upﬁpﬂ )/2 + (Zup-l)ﬂp 2/4 ‘ A(b)
| T8 Fp ] IR

where bp = magnetic moment of the proton in nuclear magnetons. and ﬁp. ;3 = ¢c.m,
velocities of the proten aad pion divided by the velocity of nght
The §, is the nonrelativ!atic Coulomb phasg shift of ordér' 2. It is
equal to 0 for £ = 0, and is given by ' , | _
E? © él tan"1 (%),'for £21, S | | (7)
. The additional parentheticgl (+, -, oz 0) that a‘pipearv‘a' on thé phase shifts in -

Eqs. (12) through (17) is necessitated because the phape shifts used in those ex-
preseions are total phase shifts, differing f:o;n the nuclear shi_fts by a small

term § ‘d’. which is the complete Coulomb phase shift of order 1. "I‘_his' is explained
- below. ' | .

‘The total phase shifts are related to the nuclsar shifts by
’ &, N * £ = 3
. ﬂ‘ (’3‘) = a‘ + 2‘ . ’ m‘ (o) L “l - 2‘ /z.

o f1=0,*-F,% s, f0=5,*-5,%2.
& & - 2 | o
S () =8y -2y -

- %
The complete Coulomb phase shift of order £, 9, , consists of the non-
relativistic Coulomb phase shift defined by Eq. (2.11), plus a first-order relativistic

correction,

Byt =8, + 03,%. - @




ot

7.

where the first-order relativistié Coulomb term is glven by
AEO““ [-;_- (ﬂéﬁu) + %(Zﬂp - l)ﬁpz/ﬂ + ﬂ,,BP)] ; (9)
a3, *'sn B/t + 1) for 121, (10) .
" and C .
A3, - 3P, for £ 21, S an
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The above Coulomb phase shifts for incident pion kinetic ;enérgy Tw = 310 MeV =

are given in Table Il.

The Coulomb-corrected scattering amplitudes for the reactions of Table I are:

Reaction (a), a4 p-* ot

+ p:

-

. X H

2 8in”8/2

2
max

- ot .x [2ia*(+)j - exp| 2i
oY S’w’{(ﬁn) e lE iy ol el B
A .

Aararacn mvaat et

&3
£1z0

oy exp | 2ta,”(+)] - exp 2i3,]

+ 2 yi1 }P‘(cos 6):,, .

and -

(12)

* + - -
: max [ p, expl2ia, (+)] - p, exp[2ia, (+)
ne) s AnBoind :‘ [1_ %1 | ] - oy expl2ia, (+)]

2 8in“0/2 | &

-inB }é%,] P,! (cos 6) .

(13)-
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N Reaction (b), 1 +pew +pt

g(6) = -——z-—--e inlnain (e/e) -
. ) 28in”6/2 P /

dnaxr Py exp[ Zic‘( -)] *3"1‘ OXP[ 316! (- )]._

.,

" +x:(z + 1) 5
' = ” -

Py fexp[ 2la, ()] +2n, "exp| 216, (-)] ..

+ £ i 6i
' exp| - Ziﬁz]
- (2841) ——-—-zr--—---! P, (cose),
and :
ikn B 8in @
- hi{b) =
' z'smze/.z‘
e e o 0y e
| *--2 o1 fexp 2o, - )]+va Texpl uag ( )] 01 0" Ziq - )]-;- a2
£ =] [ ~ [ . .
) 23',4 ﬁexpl?glsz‘(.s)l

oL 28 . - S

Reaction (c), u" + p-‘éu” + 13

In this reaction, the incoming particles are charged and the outgoing

particles are neutral, One may therefore. to che accuracy deaired in this

(14)

- (18)

analysis, consider the Coulomb perturbation to be half as great as in reaction (b). .

Hence, when we use the px?oper isotopic-'epin‘ decomposition shown i:i Table I, the

scattering amplitudes are given by
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| = 1 - ¢ 4,0 + +
. . [l p, expl 2ia, (0)]-n, exp| 2i6, (0)]
g6) = LT ﬁ{um 4

1 z0

' P "exp[ Ziﬁ “(0)] - n, “exp| 2ia, " (0)] ' ' :
YL L ! J P, (cos 0), S 16)

o g b e s + + - . '
. L ~ Py exp| 2‘“2 (0)] - Mg exp| 356‘ (0)] Py exp| z‘“‘ (0)}
n(e) = L x » if:: | < — —

and

2

-m, "expl 25, 7(0)] ) - .
4 - ]P‘ (cos8). - Q7

' D. Phase-Shift Notation

. - From this poi'ht'on, "phase ehift" will be understood to mean the nuciear ‘
part of the total phase shifts ﬁaed in Eqs. (12) throughA {17). The notation developéd
by Foote for the w' -p aystem (I = 3/2 state) is extended to the Ie 3/2 and o
1=1/2 iaotopic-epi_n_states. The symbol itseli denotes ehe orbital-augular-mo-
mentum state (s, p,d, etc. ).‘ the first subscript denctes twice the isotopic spin,
and the second subscript denotes twice the total angular momentum (i e.,k 21, ZJ)’

| The symbols are summarized in ’T able 1IlL.
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HL - SEARCH PROGRAM
Several IBM 7090 programs have been written to perform the phase-shift
analysie, This section deals with the general methods employed by these programs; _

and a descﬂptiog.of the final program used.

A, General Method

As may be judged from Section U, the phase-shift expansions of the ecat- -

tering amplitudes &eacribing the w-Neystem are very complicated functions, and

" 8o there is no simple way of deriving values for the phase shifts from the available

éxperimental data. Modem‘higfh-speed computer techniques make it possible,
however, to calculate very rapidly the values of DCS and polnrination pred&cted
by a given set of phase shifte, _ ‘

The PIPANAL program. developed for this ipurpos«w. employs the grid-

13

scarch method for fitting the phase-shift equations to experimental points.l A

tentative set of phase shifts is fed into the program, and the compnter then varies

all the phase shifts in turn in ordar to minimime the quantity

where Q calc refers to the value of DCS or polarization calculated from a given

| eét of phase shifts, Q is the corresponding experimentally determined value,

exp
and AQ_ . is the experimental uncertainty in Q exp® The summatitnris over all
the experimental quantities being conaidered in a given case,
Each phase shift is varied in turn. and this procedure io repeated until
a complete cycle results in no reduction in the value of M. The increment of 1 |

change in phase shift is then reduced, and the above process is repeated until

the increment reaches a certain predsotermined value.
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B. PIPANAL 1CF4é

PIPANAL 1CF4 is based on the IBM 704 program developed by .Foot¢7
and has evolved through several intermediate prégrainé. It is the most cd_mplete
program develope.d. and tl;é.only §ne discussed in this report. It i:s. to be \;nder-
stood, however, that not all the analysis discussed in the following sections was
performed by this program, but sometimes by less inclueive and therefore léss time-

consuming programs of the same type.

1. Experimental Quantities Fitted

Experimental éuantitiea fitted ﬁy PIPANAL 1CF4 are:
(a) DCS - The px;ogram,accepts up to 30 DCS peoints each for the three reacuoqs
- given in Table: 1. |
- (b) Polarization - The p:égfani accepts up to 10 points each for the reactiona
in Table I.

{c) Tétal croes section - The program acceéts a total t;.ross section for w"’-p
and n -p scattering. Since total cross sections are usually determined experi-
mentally between two cutoff angles, the program fits the£n to the numeriéally B
integrated value under the caiculated DCS curve between these cutoff angles.

A predetermined fraction of the calculated Melgstic cross section was also added,
_and"in the case of 7 -p scattering, the integration was under ﬁae DCS curve
. for 'both reactions (b) and (;:) of Table I

(d) Inelastic cross section - Only the n -p inelastic cross section was fitted,

since dﬁly the I=1/2 inelastic parameters ére allowed to vary (see Section Z'

below).
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(e) Legeﬁdrc coefﬂcicn‘s for ch#rge-exchange scattering - The usual way of
measuring the DCS for the reactions n + p = q” +n is to measure the y-ray
distribution from the decaying w°.. When thic is the case, the y-ray distribution
is ﬁitcd in 2 Legendre expansion, and the coefficients for a Legendre expansion

of the 4 n? distribution are related to those of the -y'd!etribucion..u For this
reason, data on the ©~ 4 p-~ n° +n DCBS are often quoted in terms of these
Legendre coeiﬁclenta. Therefore the program was equipped to fit these co-
efficients with coeiﬂcients calculated from the phasge shifta. Up to seven '
Legendre coefficients can be fitted (corresponding to an spdf-wave fit to the y
distribution). |

2. Variation of Quantities

Quantitieo varied in: JRIPANALVICF4. are as follows:

(a) Phase shifts - The program varies phase shifts for I = 1/2 and I =3/2 states.

It can periorm sp, spd, or spdf analya;s for w*-p systems of any energy.

(b) lnelautic parameters - In the caaetof w -p scattering, the total inelastic
cross section is quite small compared with the total elastic cross section (=0.5 mb
as compared with 60 mb). For this reasoq. the inelastic parameters 91*

(aee Section 11-C) are not ;mrled in the search. It is hpoesible. hoﬁever. to insert

Py diﬁerent from | into the input data. and thus study the pessible effects of -
inelastic parameters on the phase shifts. 'I“hc inelastic cross aection.for " -p
scattering is, howevcr. c;bcut 1 ml:o6 a8 compared with = 28 mb for the # -p
elastic total cross section. (In this context "elaaucf" refers to both
v 4p-v +p and % +p -’ ¢ n reactions). We accordingly allowed the
quantities n ‘* to be varied in the search, with the conctraint that they had to

remain within the interval 0 €7 lﬁ % 1. The assumption made here was that,
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since the total melastic'gross section for ﬂ*‘-p (which is all iaoto.p‘ic ’spin 3/ Z)
is very small, t!u; contribution t§ the larger v -p inelastic cross section muai |
be from the isotopic-spin 1/2 state. -

(c) Normaliz&ion parameters - In the measurement of ‘.DCS there is always
an uncertainty of a few percent in the norma_liéation .of_the angular distributions.
So that the search prograxﬁ_ can move the angular distribution up ¢.>‘r down an. -amount
corresponding to this nncertaintir. quantities ¢ +. e, aﬁd ¢ were ix.xt'rodueed for
Qach of the three differential cross sect\ions mentioned in Section III-B-2 above. |
Each of the experimental DCS points was multiplied by the quantity (1+¢) to
adjust the distribution, and the coniribution of DCS8 toA Eq. (18) was 'modiﬁed to

become

' 2 | | |
DCS_ . - DCS.__(l+¢) | 27 |
M(DCS) .-.v{[ cale exp :} + (A%—) } o (19)

-

where Ac¢ {8 the experimentél uncertainty in normalization.

A DCS&‘xp

3, E?ror.Routinel-s

The usefulness ;:)f any phaee.-ehiﬁ solution is limited unless the error on,r
each phase 8hift is known, Appimdmate values of the errors on the phase shifte
: uwex‘_’é determined. The method used was the standard error-matrix approach.
After the minimum value ofi: M (Eq. 18) has been found, the shape of the M
'hypex;au;-face near the’-miniﬁmm is examined by computing the second .partial

,de’rivatives of M with rgspéct to ea.ch of the phase shifte used. These partial

derivatives form a matrix G defined by

' 1 8" M |
Gijz = 53;5-8;. (20)
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This matrix is then inverted, yielding the error matrix G~ with the p,rope.'r:tieag ‘

» and (@71 = € (A8) (BB, (for £ ),

| me )y
where C 1is the cqrrelation'coeiﬁ'cient.

(G )y = (As,),

1v, PMSE-SEHFT NV ESTIGATIONS

The géne'ral approach followed in searching for phéaégshift soluﬁone to
the experimental data is the ra‘.ndom-st‘artingpoint’method A large nﬁmber of
sets of random phase shxfts (over the ra.nge - 180 'deg <6 « 180 deg) are intro-
duced as input data. aad the program is requeated to find the local minimal value
for M. If a sufficient number 9£ randoml_y located starting points is used, the
p.robabuity of haﬁng missed a '""good" solution is small.

When all phase ehxits are allowed to vary simultaneously (as in PIPANAL
: 1C54) the process of random searching is extremely time-coneuming. For thia
reason, the fouowing method was used: The three {one epd. and two spdf)
1=3/2 ‘solutions of Foote7 were taken as etarting points and were held iixed in
~ all of the random saarchﬂng Only the DCS8 data of the preceding paper (our
Table IV) were ﬁtted in this maxmer. and for each = 3/2 set, there were in
general gevefat I=1/2 sets that satisfactorily fitted the_ DCS data. These
"good" solutions were then inserted into PIPANAL 1CF4, the v'-p data shown
in Tables V and VI were includ.ed, and all phaeé shifts were allowed to vary
mmultaneouely. Polarization data were then introduced {Table VII) and ﬁnauy
'charge-exchange DCS (Table V1) 1n order to rule out some of the Iz 1/ 2 |
phase-shift sets, This procadure ie discussed in detail in the following two oub-

. sections.
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A. s8pd Analyoeis

A_leaet-squares fit of the ,DCS data of the pre\'rioué paper3 indicated
the need for at least d waves to obtain a satisfactory fit. This subsection

explores the‘doltails of the spd | analysis.

1. Fermi 3/2 ~,s§arti'ng point. '

| In-the analysis by Foote V' (see his Table IV). 7 only the solution-of'thé
Fermi type is totally aéceptabl»e. The Minami solution is theoretxca.ny une-. -
satisfactory because of the very large D3 3 shift, and the Yang solution is highly .
improbable because of the large M value . We therefore concentrated our efforts

on the B‘ermi aolution (the Yang type is mentioned brieﬂy below).

Using Foote'a Fermi solution (83 15" 18.5; P 3.1°° 4.7; P3 3° 134, 8.
. Dy 3= 1% DB Y 0) as the fixed 1 = 3/2 phase shifts, a total of 114 random
sets was introduced Four distinct solutions were found to be acceptable fite
'to the ® -p DCS data. These tonr solutions, aft er having been ﬁtted with -
PIPANAL 1CF4, were as ahown in Table IX. The ® -p recoil-proton polarizatxon
predicted by theae four solutions 8 shown in Fig. . It is obvious from the figure
- that solutions (1) and (2) are in agreement. with the data, while (3) and (4) are not.
Inclueion of oolanzation data in the program causes solution (3) to degenerate into
solution (1), while the M value of solution (4) increases to a very unacceptable
480 (where 48 ia expected).
' As is alao clear from cig. 1, polarization data in the region we have
explored are quite incapable of resolving solutions (1) and (2). One method of
-resolving this ambiguity would be to obtain w -p pol.aéizﬁtion data at smaller angles.
Spch data do not ;exis‘t ai pxeéent. but an attempt has been made to reqolve‘the two

_ : - : 5
solutions by the inclusion of n + p - %% + n DCS data, This procedure was
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suggested by the l,arge variation in the b&ckward diraction of the predicted
charge-exchange DCS curves showa in Fig, 2. .

Inclusion of the coefficients of Table VIII, together with the polgii:ation
data of Table VI.I. in the search program, yiclded the results shown in Téble X,
Evidently, §nly solution (1) of Table X now has a geasonable M valuc_. and is
therefore eoﬁnidered the only satibfactory spd seolution to all the aforementioned

data.

2.  Yang 3/;2 startin&point.

| While the most intensivé work hﬁe been centered ‘aroun_d_the Ferrr;i =
solutié_n. thé Yang sp& ‘solution of E‘ao,te7 is perhaps reasonable enough to
merit some consideration. We therveiore did a considerably smaller amount of
random searching in this area aléo} using as ﬁxed input 3/ Z shifta: 83 15 - 23.2;
= 12.6 2; P

Pii 3,3
only one » solution of Mg 50' (M = 23 is expected) appeared. but thie solution can

=1590.D3 3375; and D3 5:-46 InéOrandomlets

be ruled out by w -p polarization data.

B. spdf Analysis =

The samae geneial procedure was followed for the apdf analyéis as for .the'

spd analysis. In this case, the Fermi I and Fermi Il spdf solutions of Foote
were regarded ag the most important, and the remaining solutions were treated
somewhat more sketchily. '"Random'' sets were random only in é-. p-, and
d-wave phas§ shifts, with the { waves assufaed small alnd started at zero deg

in all cases. However, 'the ﬂnél solutions often );ielried f-wave pha;se ehifts as
la.rge.: as 10 deg. leading us fo believe that no greai bias was introduced by starting

the f-wave phase shifts at zero.

—
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1. Fermi]land I

Fitting the 7 -p DCS data with 1= 3/2. p!;aae shifts fixed yield.e'd'..

as one might expsct, a céﬁsi’derahle ‘mxmbér of satisfactory solutiona, A tota'l
oi 450 random sets wag run, with a total of 23 good solutions emerging. Of thase.
14 were of the Fermi 1 type and 9 were of the Fermi II type. These sees all |
gave good ﬁts to the DCS data (see Fig. 3).

Addition of v -p polarization reduced this number of aolutiona to 5;

these are presented in Table XI. Use of the five charge-exclmnge DCS co-
efficients of Cariss elimmated solutions (4) ¥ 3and,‘w (5) The remaimng three
are shown in Table XII, and these three solutions are suiﬁclently difterent to
warrant short individual d.iocuaaione: » o
' Solution (1) - Thia is the spdf counterpart of the only good spd solution given
in Lable X. The I=3/ Z phase shifts of the final solution agree very. wsll with
.,Foote 8 Fermi 1 solution. ! “Each type of data is individuauy fitted well, The
" M value is very close to the expected value; lt io the most frequantly occurring
solution. having ap?aared 37 times during the random search.

Solution () - Although_ the pearch yielding this solution began with the I=3/2
phase shifts being fixed at the Fermi I ivglueo. the final esolution demonstrates a
definite Fermi II behavior (i.e., D3.' 3" ﬁs. g <0). "The 1=3/2 phase shifte
are very different from the ‘Fermi II solution of Foote, but the fit to the -nf'-p
dats is neverthelese quitie‘ gpod; The 7 -p polarization data is fitted rather badli.
aé seen from Fig. 4;  however, the fit to the remainh;'g data is eumciently. good
f.ha_t the large contribution to M of the ‘w'-p polarization data (z _10) is insufficient

to rule out the solution.




-.1'8- h o -'vcaL-m436

Solution (3) - 'Ihis is a somewhat peorer ﬂt to the data. but etill does not possess

a sufﬂciently high M value to be completely ruled out. The I = 3/2 phase
ehifta are of the F‘ermi‘ I type, but are not nearly as consistent with the Foote
solution as are those of sol&tio&x (1). Each phase shift db‘ee.- however, lie within
'the quoted uncertainty of the F‘oote aolution. 7
1t should be noted that, although the E‘ermi II solucwn dfm?nota wag’ used
aé & starting point for 200 random sets, it was not posasible to find any golution
that adequately fitted all the w-p data. Thus it can be 'concluded that é‘coté"a

Fermi - II “solutioni: can not be used to fit w -p and w*-p data simultanebusly.

2. Other 1= 3/2 starting points

As in‘the case of the spd analyses. a limited zamount of aearching was.

1 done in whlch the lese-likely 1 = 3/2 solutions (eee Foote's Table VI) were uoed
as starting points. The two solutione treated were the Yang II set and solution

A No. 6, which is unnamed in the above r%ferenég: {¥oote) and 90 is here referred to
as Fermi la. About 100 random cases were examined, with no satisfactory

solutions to ,.,,'*__p and ® -p (DCS and polarigation) appearmg;

C Erzror Ana.lysis ~

The matrix-inversion error routine describsd in Section lil-B was ag_:plied
to the spd solution ag well a8 the three spdf solutions.

i1. Error metrices.

| The error matrices for the fou—r 'solutic_ns discussed above are tabulated
in Aép{andix A, Itis ese‘én that in the spd solution, all rms errors are from
0.3 to 0.9 deg. ’fhe correlation coefficionts are all relatively small. For the spdf - .
solutions, fhe errors are considerably larger and the correlation ¢oe££icients have
“also increaaéd‘in size. The quoted errors on the 1= 3/2 phase shift are seen to be

similar to those quoted by Foote, ? 1nd1ca§ng that the inclusion of 7°:p data has a
D+ = B DeEese el

,-’f

negligible effect on the I = 3/2 phase-shift error.
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D. lnolabtic_ @rametera'

To determine the effdct of inelastic parameters on the phase s&ftn. an

inelastic 1 = 1/2 total cross section of ¢, = 0.940,2 mb6 was included in the search

X
program, and the inelastic parameters allowed to vary. Only the four final

solutions were examined, the results being given in Table XII. In all cases, the
inelastic paramesters were started at 1.0, although starting them at 0.95 and 0.90°

yielded esaentially the same results.

V. DISCUSSION OF RESULTS |

The analysis of the 310-MeV scattering data in terms of phase shifte has .
been succeeaftil at the diwave level, although 66 pieces of experimental data were
needed to eliminate all but one solution. The iaclueion of { waves, however,
.complicat@a matters considerably.

Perhaps the most dint\;rhing aspect of the spdf wave analysie is the fact i
that, although the f waves are small in all the satisfactory solutions, the presence
of even these very emall f waves is seen to radically change the magnitude, and
in some cases also the sign, of the phase shifts of the lowe# orbital-angular-
momentum states. This casts MM on the very premise on wfdch phase-shift
analysis is based, i.e., that one can approximate the infinite series that represents
the scattering amplitudes by the first few terms, It seems to indic;ne that the remain
ing terms in the expansion, -~although minute in themselves, can nevertheloss exert
a considerable influence on the larger terms.

A major limitation of the data that now exiet at 310 MeV is the .very limited
angular region of the polarization dﬁta. both in 'n*-p and n .p. Especially in
® -p, it would be very instructive to push toward smaller c m. angles in an #ttampt

to determine the value of polarization at & near 90 deg. Some at;émpta have been
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]xfnade to measure polarization of the recoil prot‘onA in the region 'f)cmam to 60

indicates also the possibility of measuring recoil-neutron pélarization in the
reaction w 4+ p-wd ¢ h; Ithia n;eaaurement, e;lso in the 30 to 60 deg region,
would be useful as well in resolvtﬁg amﬁiguitiee between solutione, bevelop-
ments in polari'zed targets may in the future make it possible to measure
additional quantitics corgespbnding to the triple-scattex;ing parameters in nucleon-

nucleoa acatte'ringy This would give iﬁformation on lm(g*h). and hence yield
another independent experimental quantity.

There is theoretical as well as exgerimental help that might be uti!.ized.
1t is hoped that a theoretical approach along the lines used in nucleon-nucleon A
acattering 18 will be develo;ed and that accurate predictions of the higher
angular momentum phase shifts can be made. Chew et al. have used relativiatic
dispersion reléﬁbnﬁ to make predictions of the I = 3/2 and 1/2 picn-nucleon
 d-wave phase shifts up to about 300 MeV. 7 These calculations do not contain
posésible pion-pion interaction ‘eitecis and so may not describe thése phase aiﬁ’fts
accurately. Although some.bf the 4 phase shifts in our solutions do agree with
these predﬁctiow in sign, the agreement‘in magnitude is not gaod.. and in fact, .
some of our solutione do not even agree in sign, It is felt that such disagreemént
should not be taken too serioualy until possible w-w effécts can be included in
the calculation. | ' :
’I‘heoretical predictions of the real part of the hrward scattertng,

Re| g(0 deg)], using dispersion relations, have been made by Spearman for

20 The values fquoted here were for the choice

w*-p and ® -p scattering.
‘ ‘2 = 0.08, where fz is the renormalized, unrationalized, picn-nucleon coupling

constant,

deg, but no data exist at present. A recent preliminary experiment by Booth et al.w
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For .ﬂ+-p. Spearman finds .

Ref -g(o deg)] = - 0.69,
and for © -p,
Rel g(0 deg)]z - 0.06,
in units of N/uc, where i denotee the pion rest maao.' .

The values of Re[ g(0 deg)] for w*-p and 1 -p scattering for the d-wave
solution (see Table X) and for the-three f-wave solutions (see Table XII) are given
in Table X1V, _ |

. It appears that, at present, no theoreﬁcal or experimental data exist that
can resolve the ambiguiti‘es in the spdf analysis. However, some progrésg has
been made in the knowledge of the phase shifts at 310 MeV. Previously, there
was no accurate information about the I = 1/2 phase shifts'a‘;t.the energy, but now a
choice of three indiﬁdually ac#u;ai:e sets of 'phaa.e shifts is available. Also, éne
1=3/2 solution fonr@ by Foote (Fermi Il in his ndtationﬂ was dlscarded as in- |
‘capable of fitting all the data adequately. The basic difficulty brought forth by
the analyeis is the need for very large amounts of experimental 'data if -accu}:t'ate':
infotmétion abopi the phase shifts is desired when d, f, and higher partial waves
become important. At 310 MeV the ihelaatic scattering did not add a serious
comhucation. Howevér. because of the sharp increase in inelastic croes gection
: with energy near 300 MeV, & phase~shift analysis at slightly higher energies
will become even more compucated.- since appreciable inelastic oca,tterit;g
essentially douﬁles the nufnber of parameters that must be determined in the‘
analysis, It appears that because of these requirements for very 'lar'ge amounts
of data, the method of phaea-smft analysis became less useful at these energies
_ than it had been at lower energies, Eventually, more interest may center on the
experimental data themselves and less on the results of the present method of

-analysis-of those data,
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APPENDIX: Error matrices




Matrix I, Error matrix for

spd solution {expreesed in degz).

Dy s

83,1

: 0.4

p3’1
6.2

0.3

Py 3

0.2

6.1
0.4

D

73,3

0.1
0.1
0.0

0.1 .

D
-0.2

0.z
0.0
-0.1
0.2

3,%

S
-0.2.
-0.1
00
0.3
0.1

0.4

P

1,1
-0.2 .

-60 Z
-0.1

-0.0

001 '

0.0

0.2

P

* <00

0.2

- 20.0
01

0.5

' '0.1 .

0.8

1,3
-0.0 .

~0. l
-0.0

-0.1

" 0.0

- 0.0

0.1

. '00 l A

0.1

1,3

1.5

0.1

0.1
0.2
o.o.

;‘000

0.3
:'0..1

0.4

.92-

9e$01-"TUDON




' Matrix IL.- Error matrix fbr spdf solntioﬁ I (expéeséediin degz). '

83,4
-~ Py

P33

5,

3.2

D35
- Fs.s

Fy 7

1

Py

33

.8

P33
0.5
0.4

- 0.4

Dy 3
1’1..5 e
l.s

0.1

0.9

D3 5

-1.7

-1.9

-0.1
‘009 .‘
IR

F3.8 F3.7
0.0, -0.9
-0.0  -1.1
0.0 <6.1
0.0 -0.5
0.0 0.5
0.1 -0.0

0.3

1.1
-1.5
'107
‘Ooz

-0.8

0.9 -

4

~20.0
0.5

2.2

P
-1.3
-1.4
-0.3

- -0.6.

0.7
-0.0
0.4

0.6
0.7

3.14

P13

-1.5

-1.7
-ooe

-=0.8
0.9
.=0.0

0.5

1.3

0.5

1.7

D 3

-002 |

0.3 -
-0.1

0.1

0‘0‘.0‘ )

0.3
0.2
-0.0
0.1

1,5

-0.1
-0.3
0.2 -
-0.2
0.2-
-0.0
o1

6.5

-Oo_l .

0.6

-0.1

0.6

1,5
000
0.1

0.8

0.0
‘0.0 ;

0.0

-0.0

-0.2

0.0
-0.0
-0.6

." 000

0.

- 0.8
0.1
0.3

.°-o;4

-O,Q :

- -0.2

0.3
-0.3
-0.3

0.1
0.1
-0.1

0.5

- nge-

9EHOT-THON
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Matrix [IL. Error matrix for spdf 3olﬁtion il {(expressed in degzi.

S31 P31 Fi3 P33 Pyg Fy5 Fyq0 8y

0.2 9,1

0,7

0.1

; =0.4

0.7

6.1
0.5

’ -0.3

0.4

-0.1
. -0.6
0.5
-0.4
0.6

0.0

0.3
-0.2

0.2
~0.2

0.2

-0.0
-0-.13
0.2

}‘002
0.3

-0.1
0.2

P
0.2 0.1
~0.25: -0.2.
0.2 0.4
0.1 '-o;_l‘
-0.1 0.1
0.1 -0.1
0.1 0.1
1.8 0.7
09

P
0.0

0.2

=0.1
0.1

‘o.l .

0.1
00. l

0.4
0.1
0.5

1,3

Dy,3 _Dx.s

0.0 0.0

-0.2 0.3
0.2 -0.2

0.2~ 0.2
0.2 0.3

-0.1 0.1
0.1 -0.1

| 0.1 0.1
0.3 o1
0.0 . 0.2

0.2 -0.0

0.3

Fys

201

0.1

-6.1
0.1

-0.1
0.1

=0.1

0.1
-0.0
0.1
-0.2
0. l'

Fl.?

-0.0
0.1
-0.1
0.1

' ‘0.1

0.1
"o.l

0.1
-0.0
o1
-0.0
0.1
-0.1
0.1

e 9?‘

9eP01~THON




Ma;_trix IV. Error matrix for spdf éolution"m (expre'ss_ed in de.gz').

1,1

P
2.2

3.0

3,1

Py 3 D33 D3¢

0.2 1.2 -1l.1

0.1 1.7 <1.4

0.4 0.0 0.0
' lo‘ 4 -0‘.8
. 0.8

F3 5

0.2
0.2
0.0
0.1
-0.1
0.1

F A

¥3,7
- -0.7
-0.9

-0.0

-0.6

0.4

<0.1

0.3

s

0.4

0.4
,g._z -

0.2
-0.2

0.0

"'0. l )

1.9

1,1

P

P

1,1

0.7 0.8
-1 1.1
0.3 0.2
0.7 0.6
0.6 -0.5

00 0a
0.4  -0.3
0.2 1.0
1.6 -0.6
1.0

1,3

‘D

-0.6

. -0.8

-0.0
-0.5
0.4
0.1
0.2

-0.7

0.4

-0.5

0.6

1,3

A -0.»4

1,5

0.6

0.7

0.0

0.4

0.0 -
-0‘2

| 0.4
-0.3

0.5
-0.2
0.3

-0.1

- -0.1

0.0

-001

0.1
-006 .
0.0

-6.4

0.2

) ~0'.3‘

0.1

.'oal

0.2

l, 5 .

1,7
0.4
0.6
0.0

0.3
<0.3
0.0

-0.2

i 000
6.2

0.2

0.1

0.2
0.0
‘o‘ l

“-Lz-.

9E%01-THON
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Table I. Scattering a’imputudee for charged pions and protons..

Scattering amplitudes

Reaction , Non-opin-flip , - Spin-flip

@ wep=atip gl1=3/2)  meeya.
(55 ° +p - ™ +p 1/3g(1=3/2)+2/3g(1=1/2) x/sn(1=3/2)+;/3h(x=1/2)

(c) " ¢+p=n®4n \/-5-:[ g(laS/Z) - gli=1/2)] \‘/—-%—[ h(1=3/2) - h(l:ﬁl‘/Z)]
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Table I, Nonrelativistic Coulomb phase shifte, first-order relativistic -
corrections, and complete Coulomb phase shifts (all in degrees)

for incident ﬁion kﬂneﬁc energy 1 = 310 MeV.

o 6.00  0.09 ceee 009 eee-
1 0.44 0.09 -0.17 083 . 0.27
2 - 066 006 -0.09 0.72 . 0.87
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Table Il Phase-shift symbols.

UCRL-10436

Phase-shift s_ymbol

F37

o | =372 1e1/2"
0 /2 83,1 SLt
1 1/2 Py Pia
1 3/2 P33 PLs
2 3/2 | 55.3 D),
2 _5/2 Dy Dys |
3 8/2 P35 Fl g
3 7/2 Fiq
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Table IV. Differential and total cross section” for ™ + p = %" + p at 310 MeV,

Ocm éa (8 _ rms uncertainty
(deg) T em ‘ (mb/sr)
| {mb/sr)
34.7 o | 1.18¢ | 0.043
41.4 - 1171, ~ 0.035
47.9 - o 1.151 | 0.033
54.4 . 1.125 0.029
60.6 ‘ ‘ 1027 0.027
66.8. o 0.970 Lo - 0.023
72.7 o  0.853 f 0.023
78,5 . o S 0.T74 - 0.018
84.1 | , 0.690 - 0.018
89.6 . _‘ 0.635 - 0.015
949 T 0.1 . 0.017
10000 - . 0.498 . ~0.013
1080 0.461 10.014
~109.8 - o . 0.480 . : . .0.009
o115 ~ o.482 0.016
119.0. A .. 0.814 | . 0.012
123.8 B ~ 0.836 0.013
127.8 N 0.590 0.018
1320 ' . 0.663 | ' 0.016
136.0 - 0.715 | 0.016
1400 . 0.764 . 0.021
144.0 S 0.822 0.020
147.8 : - 0.817 . 0.021
151.6 ~ 0.889 | ~ 0.025
1582 - 0,941 - 0.015
' 158.9 | 0.991 0.028
 162.4 | - 0.932 - 0.029
166.0 | - 0.944 | 0.042
®The total croes section used in the analysis was 28.840.8 mb, evaluated
- between c.m. cutoff angles 8.4 and 167.4 deg. The normalization uncertainty
(see Section llI-B) was taken to be A = 0.03, - |
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Table V. Differential and t_otél cross section® fo?.ﬂ’} +p-u +pat 310 MeV,
' _measured B_y Rogers. b

P _ - do(9) o -
- “em AP a2 = ' rms uncertainty
(de'g) : , o (mb/sr) . A (mb/er)
14.0 o 18.71 10.60
196 | " 16.05 I 0,46
28,2 : 13.82 0.3l
30.6 12.99 : - 0.25
34.6 . 12,28, o 0.27
36.2 - 11,65 - - 0.27
40 . - 982 | - 0.18
51,8 S 8.59 - - 0.26 .
56.8 | 7.54 4 0.28 .
60,0 | 6358 | | 0.22
69.6 ' S 4,73 o ©0.10
7.3 o 3.62 | 0.09
81.6 . 2.77 0.08
. 97.8 o - 1.66 , . 0.07
105.0 o 151 - - 0,06
108.1. o 11.62 - 0.07
120.9 , | 2.08 | 0.08
1382 2.93 | 0.14
140.6 3.3 : 0.12
144.7 : 3.76 - 0.15
152.2° 4.10 | 0.21
156.4 | 4.51 C0a7

165.0 -~ 4.89 I 0.12

%The total cross section used in the analysis was 56.4#1.4 mb, evaluated be-
tween c. m. cutoff angles 14.7 and 158.0 deg. "he normalization uncertainty
(see Section IIEB) was taken to be Ae = 0.06. '

o bSee reference 1,
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‘I"ab_ie V:I.' R.ecoxl-proton polarizatioa for nt + p- at + P at 310 MeV,
measured by Foote. a

Pors o " ~ " " — N

e_ .‘ : . P(9) o ' : rms uncertainty
' (deg) . (mb/ar)

114,2  o0es . o2

124.8 ' ‘ - -0.164 ‘ .- 0.070

133.8 | A - -0.158 - 0.044

145.2 -0.162 . 0037

a .
“See reference 2,
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. Table VII. Recoil-proton polarizatlon for n° + p—= T + pat 310 MeV,

6
em

 (deg)

L - 1142
124.8

133.8

145.2

' P(8)

0.784

0.648
0.589
- 0.304

rms uncertainty
(mb/er)

0.132
0.076
0.072 -
0.055
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Table VI, _Coe‘fﬁcie;its for.Legerx{xdre polynomial fit to L + p -~ wé,+ n
' 'DCS, measured'by Caris at 317 MeV,2

%ﬂ, A, P,lcon 8)
~em ; ’
=] o
Coefificient . rms u_ncertaint'yb
(mb/e¥) : © (mb/sr)
A e . . 0:.06
'AZ .87 v , o 0.11
CAy ‘ 1.50 " S 07
A - | . 0.01 | | 0.15°
Ag . . -0.35 : - - 0.42

2See reference 5.

rhe normalization uncertainty (see Section IIl-B) was taken to be A¢ = 0.10. -




' Table IX. spd solutions to ® -p DGS and total cross-section data (also w'-p DCS, polarization, and
S ' total cross-section data). ’ o

a s P

M oxpected™®7 3,1 P31 P33 D33 DPy5 S5, P, 1,3 P13 Dis
()  s2.4 © .18.8  -5.0 1349 LT  -3,7 - -58 -40 4.4  -5.3 151
{2y  61.3 -18.2. -4.5 1351 19  -4.0 -7.2 25,8  27.3. 7336 -0.5
3) 57.8 .~ -185 - -4.7 1347 19 <40 242 105  -20 3.6 -0.0
4y  s2.1 . -189 -5.0 1343 1.8 -39 .40 °77-006 53 173 L0

-8€ -

9€%01~TEDN



'Tab'le .- spd solutions to u~

-p DCS polarization. total cross-section and charge-exchange eoefﬁcienta
(also ot -p DCS polarization. and total cross-cection data)

Mexpected =56 S, Py, P33 Dy, Dyg S, P, Pi3 Pr,3 Pys o
, ' ‘ ' ' — P
a2 -18.8 -49 1355 1.7 3.6  -6.2  -4.0 3.9  -5.5. 15.2
@) 123.4 -18.3

-4.4 1357 1.8 . -39  -2.6 287 6.7 2.8 -0.3

a

Mezpect ed €ans the nnmbe} of degrees of freedom, i.e., (number of gﬁzp'erimental poixité fitted) minus

(number of phase shifts varied).

9Ep01-"THDN




Table XI. spdf Solutions to Tr+-p'and n"-p DCS, polarization, and total cross -section.
472
Mexpec‘ted—‘l—]

: Started

M from - Syy Pyy Pyz D3z Py Fug Fyo Sy Py, Pyy Dy Dy Fyo F
I 37.9 Fern’li.l -15.3 -0.0 134.8 4.8 6.4 0.8 -1.6 -5.4 -5.3 2.0 -5.5 15.9 -0.2 2.4
11 48.3 " -20.7  -10.1 136.1 -2.0 -0.3 -1.1 2.3 11.7 23.4 -2.0 T 6.7 2.5 2.2 -0.4
111 41.3 " -15.1 0.1 135.0 4.9 -6.4 0.8 -1.7 -0.2 27.2 7.3 -0.3 -1.6 -2.5 -0.2
v 49.1 " -17.4 -2.8 134.2 3.2 -5.1 0.6 -0.8 1¢.3 20.2 -1.2 5.3 5.7 1.8 0.8
Ay 46.6 Fermill -35.5 -16.0 151.3 -11.4 13.0 -1.1 -1.9 -13.0 3.7 19.7 -0.6 -2.0 2.5 1.0

9¢F01I-TYON



Table XIi. spdf Solutions to TT+-p and 1 -p DCS.polarization, total cross scction, and w -p— w%n DCS.

c,a
I\/ie,\'p':-:ct'z:cl~ 52 :
1 > > ol g P
M Ss,00 Ps Pas Pys Pyg Fyg Fyo0 S, Py Py Dy Dy Frg Fg
1 43.7 -14.4 1.1 135.1 5.4 -6.9 0.8 = -2.0 -6.0 -5.8 1.5 -5.7 15.8 -0.2 2.5 .
181 ’ 64.2 -21.2 -12.1 137.2 -3.3 1.5 -1.8 3.3 10.9 23.1 -3.5 6.5 0.6 2.1 -1.2 >
. -
111 717 -15.6  -0.7 135.3 4.2 -6.0 0.7 -1.3 5.0 27.9 9.2 -0.5 -0.7 -3.2 -0.5 i
a Me\'pccted means the number of degrees of {reedom, i.e., (number of experimental points fitted) minus (number of phase shifts varied).

9eF01I-TUDN
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AN

0.99

Table XIII. apd and -epdf aolutiona'includlng the inselastic total cross section.
kspd solution o
53,1 Fi, P33 Dj,3 - Py
I1=3/2 , .
phase shifts -18.9 -5.0 135.5 1.6 -3.4
51 P1a P13 D3 . Pps
1=1/2 ) : : N
Corresponding ' o
inelastic , : '
parameters £0.98 1.00 -1.00 0.99 1.00°
| ' apdf solution I
3,1 F3.107:,,F,3 FPys  Dis Fis  Fa g
Is 3/2 : . .
phase shifts -14.9 0.4 135,1 5.1 -6.8 0.8 -1.8
S0 Py Fis D3 Prs Frs P
C1s1/2
 phase'shifts -5.9 -5.5 1.7 -5.5 15,3 -0.1 2.3
Co?responding
g% lastic
- f&metere 1.00 1.00 0.99 1.00 1.00

1.00
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Table XIII. spd and spdf solutions ;néldding the 'inlelastic total ctou_ section.

| {continued)

spdf solution II

& .

83, 3% P3,3° D33 Dyg 3,7
I= 3/2 . : .
phase shifts  -21.1  -11.8 1370 - -3.1 1.2 <1.7 3.1
i P B3 P Dys Frs Frg
I1=s1/2 . _ ,
phase ehifts  10.9 23,0 -3.6 5.9 0.3 1.8 -0.7°
Corresponding h - ‘ :
inelastic , o , :
parameters -  1.00 - 0.94 1.00  1.00 - 1,00 1.00 11,00
spdf solution IlII ,
S3,1 ° P31 P33 P33 Dy g Fyg  Fyg
I=3/2 .
phase shifts  -15.4 -0.4 135.6 4.4 = -6.2 0.7 -1.4
S Py Prs Py Prs T By
1=1/2 ' X ,
phase shifts 3.7 26.4 8.6 -0.3 3.1 -0.6 -0.1
Corresponding
inelastic ‘
parameters 1.00  1.00 0.98 1.00 1.00  1.00 1.00

2see Section IV-D.
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Table XIV, Re["g(O. deg)] in unite of ﬁ/pc for w'ep and v -p scattering at’
310 MeV for d-wave solution and 3 {-wave solutions listed in the toxt.

- Solution - w”-p Re[ g(0 dqm A . fr+-§~RaL§jo de&l_
)y - o -0.0820.02 1-0.6920.01
| £1 | -0.04t0.03 . -0.6840.02
S S | S 1 -0.0120.02 | . <0.6940.01
| sm . -0.0620.03  -0.6940.01
. Spearman prediction ~+ -0.06 o | o - -0.69 . - - |
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Fig. 1. Recoil-éioton polarization in © -p elastic acatte‘ri;\g at 316 MeV, |

_ | Cases plotted are thoae d-wave solutions given in Table XX |

E\g. 2. Comparison between predictad and measured charge-exchange DCS.
Errot flag shows approximate uncertainty in experimental measure- .
ment at backward angles.

Fig. 3. The spdf solution (I) fit -to w ep DCS data, The other two spdf .
eolutioxw give comparable ﬁts to the data. |

Fig. 4, Recoil-proton polarization in nw -p elastic scattaring at 310 MGV

Cases plotted are those f-wave solutions given in Table XL
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