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ABSTRACT

A phase-shift gnalysis of ﬂ+-p and 7 -p elastic scattering at 310 MeV
has been performed. The data includes differential and total cross-section and
recoil-proton polarization data for both 'lf+-p and ® -p elastic scattering, as
well as differential cross section data for charge-exchange scattering., Inclusion
of d waves was necessary to attain an adequate fit to the data; in the case of
"u"-p differential cross section, the best fit included f waves. A general
phase-shift search using s, p and d waves was carried out; a single solution
wai obtained that adequately fit all the available data. The most notable
characteristics of this solution are I-spin 3/2 phase shifts similar to those ob-
tained in a ﬁrevious analyiia of the 1l+-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 phase-shift errors are
similar to those obtained previously. Because the ® -p differential cross-section |
data indicated 2 possible need for f waves, and since the only satisfactory sepd
solution displayed a large d-wave phase shift in the I-spin 1/2 state, the analysis
\&as extendéd to include f waves. The result of allowing f waves was to increoase
the errors on each of the phase shifte (up to about 2 deg), and also to introduce 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 3/2 phase shifte, but vary rather
widely in I-spin ’l/ 2 phase shifts. Inelastic scattering processes were neglected
throughout most of the analysis; however, a study of their effects on the ﬂnal

solutions was made and these effects were seen to be unimportant,
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~ total cross section, ¢ and the recoil-proton polariaation measured at 4 angles;

" termination by Barish et al.
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PION-NUCLEON ELASTIC SCATTERING AT 310 MeV: PHASE-SHI¥T ANALYSIS®

. Olav T. VmTand‘Hugo R, R.n‘ggex
Lawrence Radiation Laboratory

- University of California ‘
Berkeley, California

August 14, 1962

1. INTRODUCTION

A sczi?c of expa‘iimenta’ onvu’;p elastic acattaring at an incident-pion
kinetic energy of 310 MeV have been completed, These measurements complement
tl‘-m-v‘ w"-p' elastic scattering data obtained by Rogers et al. 1 and Foote et al. 2 The
reiativeiy high accuracy of all of this data makes it practical to perform an accurato
vphase-shift analysié. The d&ta used in this analy-aia is the following: for
3 the
3

noep > 1: «p, the diiferential cross section (DCS) measured at 28 angles,

1

For v"ffp - w*-p. the differential crogs aaction measured at 23 angles, ~ the

) total crosa section, 1 and the recoil-proton ;Solé.riaation measured at 4 angles. 4

Also incorporated is a charge-exéhange differential crose-section measurement

at 317 MeV by Caris et al., 5 and an approximate inelastic cross-pection de-
6 L

Analyeis of scattering data can be carried out in tefmn of partial-wave

’expanélcna_ and ﬁhaae shifte. These phase shifte have been the usual meeting

pLace of theory and experiment for elastic scattering.  Sufficiently accurate scat-

tering data can lead to a rather precue determination of the phase ehiita, which

 in turn can impose um!tationa on any proposed theoty of the p&on-m:cleon inter-

_ action.

Analysis of ©” -p scattering provides information about both the I-spin
1/2 and l-spin 3/2 states of the 7-N system, whereas analysic of vvr"’-p scattering
gi#ma information only about the I-opin 3/2 otate. While the I-opin 3/2 phasc shifto
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are fairly well known, most of the I-spin 1/2 shifts are uncertain in magnitude and
even in aign; The uncértainty in the energy region below 300 MeV in mostly due
to the fact that the 153/2 shifté dominate the interaction tc such an extent that they
effectively mask the contributions of the I-apiix 1/2 phase shifts to the experi-
mentally meaéurablevqumtitiea. An accurate phase-shift analysic of the w+-p
data at 310 MeV has al?eady been completed by Foote et al., ? so it is mainly the

‘purpose of this data to providc infomation about the I-spin 1/2 phase ehifts at

310 MeV, as well as to yield a better determination of the !-spin 3/2 shifts.

An analysis oi the w -p DCS data, as wen as the previous at -p analysis,
indicated that at least d{up to and incl_udingll = 2) waves must be employed to fit
the expezimental data well, Furthermore, the best fit to the T -p data was ob-
tained by including flup to ¢ = 3) waves. For this reason an epd aimlyaia and
an spdf analysis of the data} has been made.. Seetiou I presents the equations
uﬁed in the analyeis. In Section III we describe the search prbgram, and in
Section 1Y the phase-shift investigations and results of these investigations. A

discussion of results follows in Section V.
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II. PHASE-SHIFT EQUATIONS

" This section outlines the connection between. the observable qﬁautitiea

- that can be m.eaaureé and the "*N phase shifts. The application of the usual

pbase-shift equations to eystems of w‘ﬁh«-p and v_o-n is reviewed, and finally

the equations including nonrelativistic Coulomb and first-order relativistic

Coﬁlomb corrections are presented.

A, ‘Cr‘o_llQSection andPola#ination Expressions

Tﬁe notation used in this section is essentially that used in Bethe and

Morrison. 8 In terms of g(9) and h(6), the non-spin-flip and spin-flip scattering

amplitudes, the differential cross section (hereafter referred to as DCS) is

expressed by
20 = gtor]® +| ner] . .

The expression for polarization of a proton scattered from a pion is

- W
pore R OIBE)] @
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B. Scattering Amplitudes

S PO "oha-Spin—Fiigand Spin=-Flip Amplitudes

‘The derivation of the partial- -wave expansiong of the seattermg amplitudes

is carried out in many references, as fer example, Asahkin. 9 Neglacting Coulomb

effects. the result for the nan-emn-ﬂip amplitude is

l \ ' "H:».a“ T -Q-.
: ﬁ 5 sy 2i6,]-1
g(0) =) mar [(Hl) qj f’ p; °1 3 u‘ “exp| ‘}

]p, (cosd),  (3)

2
and the spin-flip amplitude is
| o Amay + +
- ' my exp [ 218, J-n, "expl 28,7] 1 |
h(g) = RE [ e — . P, (cos ), 4
? RERS _ - : -
Definitions of quantities appearing in Eqs. (3) and (4) are A

£ = orbital-angular-momentum quantém number. .
81‘.” = phasce shifts for orbital-angﬁlar-mamantum state 4 and _I
total-a_ngtﬂat-nionienmm qmtum number Js f & l./Z.
_ nﬁ' = inelastic parameters ‘corr.espand&ag to each of the phave shifts.
' These are €1, being équal to unity in the absence of inelastic scattering.
The use of inelastic parameters allows the phase shift § ‘& to be
completely real even in the presence of inelastic acéttering; in this
o report the teém Yphase shift’ refers tp the real part 63’ .
k= wavalength of either paﬁicle in the ¢.m. system (A = 1/k).
Pl {cos 6) = Legeadre polynomial.
Pi (cos 8)= associate Legendre polynomial, defined by
P, (coﬂ 6) = sin 6 a-:mr P! (cos §) .
6 = c.m. scattering angle for either the pion or the proton.
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2. lsotopic Spin _
' The ﬂ*-p, system, which has 2 2 coriponent ol fsotopic spin xs,u 3/2,
can exist only in the isotopic spin state I = '3/ 2. However, the n'-g} eystem,

for which I = - 1/2, ie a linear combination of isotopic-spin states = 3/2

10

~and 1=1/2. As shown, for example, in Bethe and de Hoffman, " the scattering

amplitudes for the three elastic reactions for charged pions and protons are as

shown in Table I, §

't
C. Inclusion of Coulomb Corrections

The scattering arxiputudes given by Eqs. (3) and (4) have beon extended to
‘take into consideration the nonrelativistic Coulomb effects as well as the first-
order relativistic Coulomb corrections. This extension was carried out by
1 and Solmita.

Foote et al. ' and is based on the work of Stapp et al. 12

In tl_:is. section we use Foote's Eqgs. (7) and (8) of Section B, 1 to write
down Coulomb-corrected scattering amplitudes for the reactions of Table 1. It
will now be convenient to diu;inguinh between phase shifts for states of isotopic
upin. 1/2 and 3/2. In our Egs. (12) through (17) we use the notation:

51'* s phahe shift for orbital-angular-momentum quantum number !, total-

.' ¢, ;,,;m's;--angular-momenhm state J = £ £ 1/2, and isotopic-spin state
i 3,2, 1=21/2; '
n‘*.y inelastic param;ter (defined in Section II-B-1) corresponding to the
5,* phase shift above; |

Q‘* e phase shift for orbitgl-angularomomentum quantum number 1, total-

| i s:s‘z,:.-z"«.,.angn'lar-momentnm state J =1 & 1/2, and isotopic-spin state

c= 0y 1=3/2;

) * . inelastic parameter corresponding to the o.‘* phase shift above.
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The new guantities to be introduced in Eqs. (12) through (17) are |
i - 2 ‘
| . na ‘%-v" » | - ) ' (5)
where v is the laboratory-system velocity of the incident pion, and
_ ' 2
(kB 8.)/2 + (2p-1)8,, /4
B e pP Pﬁ " - P TP /
B Fp

- | )

where Bp ® magnetic moment ot; the proton in nuclear magnetons, and ﬁp. B 5 = G m
velocities of the proion atid pion divided by the velocity of light.
N The §, is the nonrela.ﬁviatic Coulomb phase shift of order f. Itis
equal to 0 foi‘lao. and is given by |
| ' [ YR xu"tan'l(%.for L1, | Ry

| The additional parenthetical (+, -, or 0) that appears on the phase shifts in
Eqs. (12) through {i7) s necessitatod because the phase shifts used in those ex-
preossions are f_c_)_t}_}_ -phase shifta, | differing from tho nuclear shifte by a small
~ term § ‘*. which is the complete Coulomb phase shift of order {. This is explained
below. | |

The total phase shifts are related to the nuclear shifts by

g B e . -
a () = a, t+2p ‘i‘z*“_” =a,*-3,%/2
% & & 'S ® - %
ﬁl (-’ - O‘ - E‘ ’ | 5‘ (0) 'g ﬁ‘ - i‘ /2 .

&, & - &
6‘ (" e 8! - ﬁ‘ .
The complete Coulomb phase shift of order £, 4 . consists of the non-
relativistic Coulomb phase shift defined by Eq. (2.11), plus a firet-order relativistic'

correction, : . ®

3,03, + 83,*. | @
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where the first-order relativistic Coulomb term is given by

 AFg=a [} (Behy) + § (2up - DAL/ +a,,ss,,)] ; 9
a3,'wn B/t + ) for 221, (10)

and |
a3, - 52, for 1 1. (11)

‘I‘he above Coulomb phase shifts for incident pion kinetic energy T o 2 310 MeV
are given in Table IL - |
The Coulomb«corrected scattering amplitudes for the reactions of Table I are:

Reaction {n), at 4 p- 1;* + pi

| An 2 i
. 8(0) ® - e exp{ -i n 4n[ 8in"(6/2)
2 8in“9/2 : 1?

4 + -
! @ l) oy exp{2i alZ:+)] - ex?[ Zi&]
L .

mn

1=0

o,  exp [ 2ia, (+)] - exp| 2i3
+ 2 L lZi ] - expl g, }P!(coae) , (12)

and

C t | - ”' & + - -
h(6) = ikn Beinb _, mex }L"t exp[Z;a-.f (+)] - Py exp[Z_ial (1]
" 2 sin%0/2 5; T ‘

: ¢
.inzﬁ‘f%,% P,! (cos ) . | (13)

-
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Reaction (b), 7 +p =% +p:

. 2
(6) 5~y e%p { nin 8in (6/2)
8 ~28in“6/2
2 4+ + + +
- “max| p, exp| 2is, ()] +2n, exp| 216, (-)]
SN R ! “u ! !
=0 - ' v
by exp| 2ia, "(-)] +2n, "exp| 2i6,7(~)]
tE— 3
exp| - 213, ] . |
o “ (2041) e -I P,(cosb), - - (14)
and s i o
n(6) « A B oin® ) |
' 2 pin°0/2 P
e Z‘:"i‘— 9£+e:kpt ;Zlail*t(-)}lefb*exp{"li&‘*r(-)] -0, Texp| 21a,7(-)].
1=l [ .

2n, expl 218 (6)]
v ' [}

o | (15)
-} ;.n B(%H P‘ 1.(_coa 6).

Reaction (¢), ®" + pa® +n:

in this rgaétion, the incoming particles are charged and the outgoing
éarticles’ are neutral. One may therefore, to the accuracy desired in this ‘
mlyaiq. cénsid,ar the Coulomb perturbation to be half as great as in reaction (b).
Hence, when we ﬁae the proper isotopic-spin decomposition.ahown‘in Table I, the

scattering ampiitudea are given by -



- Vi + + + i Fron
max [~ p, exp| 2ia, (0)]-n, exp| 2i6," (0)]
g(o) © xq.-_ 3 “f"”'o"[ (2+1) 2 - Zi‘ -

p, "expl 2ia,~(0)] - n, “expl 2ia,~(0)]
fi 2 : = 4 4 J P,{(cos 6), (16)

‘ f; -+ + + + - -
_ gié& " py exp| 2ia, "(0)]-n, exp|2i6, (0)] -p, exp| 2ia, (0)]
h{8) = -q X - L - v

+ 4

and

ng expl25,7(0)] 7

+ y P, (cos 6). an

D. Phase-Shift Notation

From tlﬁs point on, "phése shift' will be understood to mean the nuclear
part of the total phase shifts used in Eqs. (12) through (17). The notation developed
by Foote for the ﬂ+-p systém (I= B/Z‘ntate)-' is extended to the I e 3/2 and
1= 1/2 isotopic-epin states. The symbol itself denotes the orbital-angular-mo-

' mentum state (s, p,d, etc.), the first subscript denctes twice the isotopic spin,
and the second aubécript denotes twice the total angular momentum .(i. e., 131. 33).

The aymbois are summarized in Table III,
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IIl. SEARCH PROGRAM
Several IBM 7090 programs have been written to perform the phase-shift

| analysie, This section deals with the general methods employed by theoe programe,

and a descriptxon of the final program used,

A, Qeneral Method

 As may' be judged from Section lI, the phase-shift expansions of the scat-

tering amplitudes deacribing the w-Nesystem are very complicated functions, and

.80 there is no simple way of deriving values for the phase shifts from the available

experimental data. Modern high-gpeed computer techniques make it possible,
hawevea;. to calculate very rapidly the values of DCS8 and polarisation predicted
by a given set of phase shifts. | ' _ |

The PIPANAL program, developed for this purpose, employe the grid-

apaich rethod for fitting the phase-shift equations to experimental points, 13 A

tentative set of phan’e shifts is fed into the program, and the computer then varies

all the phase shifts in turn in order to rx;inimize the quantity

TIQ Ly - Q. . -
M=) i cang <P :l ’ . : (18)
L exp

where Qe alc' refers to the \?alue of DCS or polariaation calculated from a givex‘x‘

set of phase shifti._ Q, 2p is the corresponding experimentally determined value,

| and AQexP is the exparimentai uncertainty in Q_ . The summationiis over all

| exp
the experimental quantities being considered in a given case.

Each phase shift is varied in turn, and this procedure ie repeated until
a _‘complete cycle results in no reduction in the value of M, The increment of

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

the increment reaches a certain predetermined value.
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B. PIPANAL 1Ci¢

PIPANAL 1C¥4 is based on the IBM 704 program developed by Foote
and has evolved through several intermediate programs. It is the most complete
v'pr;:gram developed, and the only one discussed in this report. It is to be under-
- stood, however, that not all the analysis discuesed in the following aectioim was
performed by this program, but sometimeas by less inclueive and therefore less time-

consurning programs of the same type.'

| 1. Experimental Quantities Fitted
Experimantél quantities fitted by PIPANAL 1CF4 are:

(a) DCS - The program: accepts up to 30 DCS poi#ta each for the three reécticms
- given in Table I. |

{b) FPolarization - The program acceﬁts up to 10 pointe ea.ch‘_for the reactione

in Table I | |

{c) Total cross secti.on - The program accepts & total crosé section for w*-p
and -7 -p séattering. Since total cross sections are usually deterrnined experi-
mentally between two cutoff .angleo. the Aprbgram fits them to the numerically
integrated value under the calculated DCS curve between these cutoff angles.

A p;redqterr‘nined‘ frac_tion of the calculated inelastic cross section was also added,
and in the case of f—ppcattering. the integration was under the DCS curve

for both reactions (b) and {c) of Table 1. |

(d) Inelastic cross section ~ Only the v -p inelastic crois section was fitted,
since only the = 1/2 inelastic parameters are allowed to vary (see Section 2

below).
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(e) Legendre coefficients for charge-exchange scattering - The usual way of
measuring the DCS for the reactions v + p - v? + n is to measure the y-ray
distribution from the decaying w°, When this is the case, the y-ray distribution
is fitted in 2 Legondre ekpansion’. and the coefficients for a Legendre expansion
of the n? distribution are related to ghose of the vy distribution. 14 For this .
reason, data on tho v 4p-~ 00 4n DCS are often ﬁnoted in terms of theaé
Légepdre coefficients. Therefore the program was equipped to fit these co-
efficients with coefficients calculated from the phase shifts. Up to seven
Legendre coefficients can be fitted (corréaponding to an apdf-wave fit to the vy
distribution). | |

2. Variation of Quantities

m&nﬁtiec varied in. nPIPANAL 1CF4 are as follows:

(a) Phase shifte - The program varies phase shifts for I=1/2and 1= 3/ 2 states.
It can perform- sp, spd, or spdf analysis for o* -p syotemse of any energy.

(b) lnela,stic_: pgrainetera «~ In the casedf 'ﬂ+-p .écattéring, the total inelastic
croes section is quite small compared with the .fotal clastic cioss section (wQ.S mb
as compared with 60 mb). For this reason, the m_elan;tic parameters p z* |
(see Section II-C) are nbt varied in the aearc;x. It is posoaible, however, to insert
p;b different from 1 into the input data, and thus study the possible effects of
inelastic‘parametén on the phase shiftﬁ The inelastic cross section for - -p
scattering is, however, abont 1 mb6 as compared with = 28 mb for the =~ -p
elastic total cross section. (In this context "elastic " refers to both
" 4p->w +p and w .+ p- ™ +n reactior;s) We accordingly allowed the

quantities n ‘* to be varied in the search. with the constraim that they had to

remain within the interval 0 <17, *&l. The assumption made here was that,
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since the total inelastic cross sectidn for n*'-p (which is all isotopic spin 3/2)
is very small, the contribution to the larger w -p inelastic cross section must
be from the isdtopic-npin 1/2 state. |

{c) Normalization parameters - In the measurement of DCS there is valways
an uncertainty of a few percent in the normalization of the angular distributions,
8o that the search program can ﬁadve the angular distribution up or down an amount
- corresponding to this uncertainty, quantities e*. ¢« , and ¢° were introduced for
each of the three Adilfarential croes 'sect\iona mentioned .in Section' I11-B-2 above.
Each of the experiméntal DC8 pointe wa; n}ultiplied Dby the quantity'(lﬂ) to .
aﬂjuot the distribution, ‘_and the contribution of DCS to Eq. (18) was modified to
béco;mé | '

2

—{rDCS__, - DCS___(1+¢) 2]
M(DCS) AN { [ cale <Xp :} + ( A }. (19)
Y apcs, | | ,) A |

véhere A¢ is the experimental uncertainty in normalization.

15 '

3. Error Routine

The usefuinesﬁ of any phase-shift solution is limited uniesa the error on
each phase ahi& ‘ia knovm; Approximate values of fhe errors on the phase shifts
‘were determined. The method used was the standard error-matrix approach.
After the minimum value of: M (Eq. 18) has been found, the shape of the M
‘l'xy‘rpe‘rsurféce near the minimum isg .examined by computing the eecond i:artial
derivatives of M ‘with.respectvto each of the phase shifte used. These partial

derivatives form a matrix G defined by

2 .
; 1 3" M : _



'-14- _  UCRL-10436

This matrix is then inverted, yialﬁing the error matrix G~ with the properties

7 (c"‘)ﬁ.e (A8,), o» and (G ’13 = Cj (A6 )rm‘(&&j)m‘(for i)

where C is the correlation coefficient. by
§

IV. PHASE-SHIFT INVESTIGATIONS

4 The general approach followed in searching for phase-shift solutions to
| the experimental data is the randomestartingpoint method. A large nurmber of
" gets of randomn Wae shifts (over the range - 180 deg € 6 < 180 deg) are intro-
duced as input data, and the program is requested to find the local minimal value
for M. If a sufficient number of randomly located starting points is used, the
probabihty of having missed a "good" solution is amau

When all phase ghifts are allowed to vary eimultaneoualy (as in PIFANAL
1CF4) the process of random searching is axtremely tima-conauming.  For this
roason, the followixig method was uced: The three (one spd and two spdf)
1=3/2 solutions of El‘oo.te-’ were taken as starting points and were heid fixed in
all of lthe random seérchﬂng. Only the DCS data of the preceding. paper3 {our
Table IV) were fitted in this manner, and for each 1= 3/2 set, there were in
| general several I=1/ 2 sets that satisfaceorily fitted the DCS data. These
“good" solutions were then inserted into I*‘lPANAL 1C¥F4, the w -p data shown
in Tables V and V1 were included. and all phase shiitewere anowed to vary
simultaneously., Polarization data‘were then introduced {Table VII) and finally |
Acharge'aexchange DCS (Table VII) in order to.rule cut some of the 1= 1/2 .
phasé-shiﬁ sets. This ’procadure' ig discuseed in detail in tixe following two sub-

sections.
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A. opd Analyois

A least-squares fit of the DCS data of the previous paper3 indicated
the need for at least d waves to obtain a satiofactory fit. This subsection

explores the details of the spd i\nalysis.

1. Fermi 3/2 starting point.

In the analysis by Foote (see his Table IV), 7 only the solution of the
Fermi type is totally gccepta_bl,e. The Minami solution is theoretieally; un-
satiofactory becauéé of the very large D3’ 3 shift, and the Yang solution is highly
improbaﬁla because of the large M value., We therefore concentrated our efforts
on the Fe‘rmi'aolut{on (the Yang type is mentioned briefly below).

| ﬂsing Foote's Fermi aolut:ion (S'.:,“1 = - 18.5; Ps' 1%° 4.7;~P3.3 e 134.8;
D3 3=1.9 Dy g= - 4.0) as the fixed I = 3/2 phase shifts, a total of 114 random
sets was introduced Four distinct solutions were found to be acceptable fito

‘to the «~ -p DCE data. Theoe four solutions, after having been fitted with
»PIPAKAL 1CF4, wrere— ae shown in Table IX. The # -p recoil-proton polarisation
predicted by these four solutions is shown in Fig, 1. It is obvious from the figure
that -sdlutiaﬁs {1} and (2} a:élin égreament with the data, v)hile {3) and (4) are not.
Inclusian‘ of polarization data in the program causes solution (3) to degenerate into
solution (1), while the M value of aalution (4) increases to a very unacceptable
450 (where 48 is expected)

As is also clear i’rom ¥Fig. 1, polarization data in the region we have
explored are quite incapable of resolving solutions (1) and (2). One method of
rcsolvinﬁ this ambiguity would be to obtain W -p polarization data at smaller angfioo.
Such dai;a do not exist at present, but an attempt has been made to regolve the two

solutiono by the inclusion of © + p - #° +n DCS data.s This procedure wag

4
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suggested by the large variation in the backward .direction of the predicted
cﬁarge-exchange DCS curves shown in Fig. 2. |

‘Inclusion of the coefficients of Table VIII, together with the polarisation
data of Table VII. in the search program, yielded the results shown in "'I‘able' X,
Evidently, only solution (1) of Table X now has a reasonable M value, and i
therefore considered the only satisiactory spd solution to all the aforementioned
| _data.' | | | |

2. Yang 3/2 atarting point.

While the_moat intensive work has been centered around the Fermi
solution, the Yang spd solution of Footc’ is perhaps reasonable enou'gh to
merit soni_c consideration. We therefore did a conaiderably smaller amount of
random searching in this area also, using as fixed input 3/2 shifts: 83 % - 23.3;

»
p3. 1

= 126.2; PB, 3= 159.0; Da_’3 & 7.5; and DB.S = - 4,6, Inv40 .random sets
‘only one solution of M €50 (M = 23 is expected) appeared; but this solution can

be Fuled out by © -p polarization data.

‘B, spdf Analysis

The same general procedure was followed for the spdf analyeis as for the
ipd é.nalysia. In this cage, the Fermi I and Fermi II spdf solutions of Foote '
were regarded as the most important, and the remaining solutions were treated
sormewhat more nke_tchilyv.r "Random " eeﬁs Qere random only in s-, p-, and
d-wave phase shifte, with the { waves assumed small and started at zero deg
in all cases, However, the ﬁnal A_QOh‘ltiOns often yielcied f_-waire phase shifts as
large as 10 deg, leading ue to believe that no ngeai bias was introduced by starting

the f-wavo phase shifts at zero.
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|. FermilandII

Fitting the n .p DCS data with 1= 3/2. phase shifts fixed yielded,
as one might é;.':pcct, a cén‘uiderable number of satisfactory solutions. A total
‘of 450 random sete was run, with a total of 23 good 'acl.utions emerging. Of these,
14 were of the Fermi ! type and 9 were of the Fermi II type. These sets all
_gave good fite to the DCS data (see Fig. 3). -

Addition of ¥ -p polarimation reduced this number of solutions to 5;
theﬁe'are presented in Table Xl Use of the five charge-exchange DCS co-
efficients of G_&riss eliminated solutions (4) :%andi. (5). The remaining three
are shown in Tfable XII, and thése three solutions are sufficiently different to
warrant short individual discussions:

 Solution (1) - This ie the spdf counterpart of the only good spd solution given
in Table X. The I = 3/2 phase shifts of the final solution agree very well with
Foots's Fermi I solution. ' Each type of data is indiv;duauy fitted well. The

M wvalue is very close to thé expecied value; it is the most frequently occurring
solution, having apﬁe#red 37 times during the random search.

- Solution (22 — Although the search yielding this solution began with the I = 3/2

| phase shifts being fixed at the Fermi | ;raluﬁa, the final solution demonstrates a

~ definite Fermi Il behavior (i.e., Dy 5 - D ¢ <0). The I= 3/2 phase shifte

are very different from the Fermi 1l ao;uiioa' of Foote, but the fit to the 1r+-p

. data is navertholeué quité good. The % -p polarization data is fitted rather badly.

as aeoﬁ Irom Fig. 4 howei_mr. the fit to the remaining data is sufficiently good

that the largd cdntribﬁtion to M of the v -p polarization data (= 10) is insufficient

to rule out the solution.
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Solution (3} -~ This {8 a somewhat poorer fit to the data, but still does not poaséae

| a sufficiently high »M value to be comple;te!y rtilqg out. The 1= 3/2 phase

shifts are of the Fermi I type, but are not nearly as consiatéat with the Foote

" solution as are those of solution (l). Yach phaée shift does.. however, lie within

the guoted uncartamty of the Foote solution. 7 '
It should be noted that. although the Fermi II solution of. Foote was used

as a starting point for 200 random aees., 1t was not pooaible to ﬁnd any solution

that adequately fitted all the m-p data. 'I‘hun it can be concluded that Foote's

Fermi-II’ solutlon .can not be used to ﬁt w -p and wt -p data simultaneously.

-~ 2.  Other ,1 = 3/2 starting points

As in the case of the apd analyses, a limited mmount éf searching was
~done in which the less-likely 1_5_3/ 2 solutions ('eeev Foote's Table VI)7 were used
as starting‘points.‘ The two solutione treated werc the Yang II éet and golution
N@. 6, which iks unnamed in the above reference {(¥oote) and oo is here referred to
a8 Permi Ia. About 100 random cases were exa;‘nined, with no satisfactory

eolutions to w*-'-p and m -p (DCS and polarigation) appearing.

C. Error Analysis

' The matrix-inversion error routine described in Section 1il-B was applied
to the spé solution as well as the three spdf solutions,

1. Error matrices

The error matrices for the ..ﬂ_:ur solutions discussed above are tabulated
in Appendix A, it is seen that in the spd solution, all rms errors are from
0.3 to 0.9 deg. The correlation coefficients are all relatively small. For the spdf
solutions, . the error;__'are considerably larger and thvey correlatien-cocfﬁcienté have
also increased in size. The quoted errors on the I = 3/2 phase shift are seen to be

similar to those quoted by Foote, ! indicating that the inclusion of 7°-p data has a

negligible effect on the I = 3/2 phase-shift error.
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D. Inolastic Paramcters

To determine the effect of inelastic parameters on the phase shifts, an

inelastic I = 1/2 total cross section of ¢, = 0.940.2 mb6 wag included in the search

1
~ program, and the inelastic parameters allowed to vary. Only the four final
solutions were examined, the results being given in Table XIL. 1In all cases, the

| inelastic parameters were started at 1.0, although starting them at 0.95 and 0.90

yielded essentially the same results.

, V. DISCUSSION OF RESULTS _
. The analysis of the 310-MeV scattering data in terms of phase shifts has
been pucceagful at the diwave level, although 66 pieces of experimental data were
: ‘.n'evedl"ed to élimlnate all but one solution. The inclusion of { waves, however,
complicates matters considerably. |
- Perhaps the moat disturbing aspect of the spdf wave analysis is the fact
that, alﬁhough the f waves are small in all the satisfactory ‘solutions. the presence
of even these very small { waves is seen to radically change the magnitude, and
in some casges also. the sign. of the phase shifts of the.lowaé orbital-angular-
momentum states. 'i‘his casts doubt on the very premise on which phase-shift
- analysie is based, i.e., that one can approximate the infinite series that represents
the scattering amplitudes by the first few ternﬁa. It seeme to indicate that the remain
ing terms in the axpaémion. although ininute in themse!vaé. can nevertheless exert
a consjderable influence on fhe larger terms. | |
A major limitation of the data that now exist at 310 MeV is the very limited
mgular_regién of the poiarizatian_ data, bothin w'-p and n".p. | F.apecially in
tr"-p_. it would be veif instructive to push 't:m_ward smaller c. m. angles in an attempt

to determine the value of polarization at 0 near 90 deg. Some attempts have been
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‘made to 'meaaur’e polarization of the recoil proton in the region a’cmuso to 60

16

deg, but no data exist at present, A recent preliminary experiment by Booth et al,
indicates also the pos sibiliﬁr of measuring recoil-neutron polarization in the |
reaction 7 + p->w® 4 n; this messurement, also in the 30 to 60 deg region,
.'mlmld be useful as well in resolving ambiguities between solutions. Dsvelop-
ments in polarized targets m.#y in the future make it poesible to measure
add._itle_snal qnantiéiea corresponding to the triple-scattering parameters in xiucleon-

17

nuc¢leon scattering. This would give information on Im(gﬁh). and hence yield

another independent experimental quantity. |
| There is theoretical as well as experimental help that might be utilized, -

It is hoped that a theoretical approach along the lines used in nucleon-nucleon

18

scattering”  will be developed, and that accurate predictions of the higher

angular momentum phase shifts can be made. Chew et al. have used re’iativiatic

diaperoidn relations to make predictions of the ! = 3/2 and 1/2 pion-nucleon

d-wave phase shifts up to about 300 MeV. 19 These calculations do not contain

- possible pien-pioxi’interaction effects and so may not describe these phase shifte

accurately. Although some of the d phase shifts in our solutions do agree with
theee'__prediétiona in eign}, t‘h_.e agreement in mégnitude iﬁ not good, and in fact,
some of our solutions do not even agree in aign. It is felt thaf such disagreement
ehould not be taken too serioﬁslv until éoa sible w-m effects can be included in
the calculation. | |

Theoretical predictions of the real part of the forward scattering,
Re[ g(0 deg)]. using dispersion relations, have been made by Spearfnan for‘

0 The values quoted here were for the choice

: fz = 0.08, where . is the renormalized, unrationalized, picn-nucleon coupling

constant,
-
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For ﬂ*-ﬁ; Spea_rm finds | | .

Re[ g(0 deg)] = - 0.69,
and for © -p,
~ Re| g{0 deg)]= - 0.06,
in units of fh/uc, where i denotee the pion rest maass.

The values of Ref g(0 4eg)]. fo? u*-:p and 7 -p scattering for the d-wave
solution (see Table X) and for the three £~v§§ve solutions (see Table XII) are given
in Table XIV. o

It appears that, at present, no theoretical or éxperimental data exist that

can resolve the ambigulties. in the s§df analysis, However, soma progress has
been made in the knowledge of the phase shifts at 310 MeV. Previously, there
- was no accurate infdrmatian-about' the I . 1/2 ;;hue shifts at the energy, but now a
choice of three individually accurate sets of bha‘ao shifts is available. Also, one
1= 3/ 2 solution found by Foéte (Fermi Il in his notation)7 was discarded as in-
capable of fitting all the data adequately, ’T_hé basic difficulty brought forth by
-the analysis is the need for very large ammmta of experimental data if accurate
information about the phase shifts is desired. w}:en d, f, and higher partial waves
becomie importa.nt. At 310 MeV the inela.st\ic scattering did not add a serious
complication. However, because of the sh;rﬁ increase in inelastic cross section
.. with energy near 30@ MeV, 4 pﬁaso-ehift analysis at slightly higher energies
will become even more complicated, aix_u:e; appreciable inelastic scattering
essentially doubles the number of parameters that must be determined in the
mlyéi’l. It appears that because of these requirements for very large amounts
of data. the method of phase-shift analyais became leas useful at these energies
than it had been at lowar enargiea. Eventually, more interest may center on the
experimontal 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 (expressed in degz).

s

3,1

0.4

pa" l
0.2

0.3

P33

0.2
0.1

- 0.4

Dy 3

0.1
0.1
.0
0.1

D3, s
-0.2
-0.2
0.0
-0.1
0.2

5

1,1
' -‘0-2

-0.1

0.0 .

-0.¥

0.1

0.4

P

-0.2 .

0.2

-0.1

-0.0
0.1

0.0

0.2

pl'3

-0.0

2

-06 0‘
6.2

.-o.ﬂ )

0.1

D

-0.0
-0.1
20.0

0.0

0.0

0.1

'0. 1

0.1

1,3
-0.1

1,5

0.1
0.1
0.2
0.0

-0.0

0.3
0.4

-’2-

9EHOT~TEON



M_atrix 11

Error matrix for »s'pdf solution 1 (expressediin degz}. : _

53,1
=
P33
Dy 3
Ds s
Fi,s
Fi,7
$1.1
1,1
Pi.3

D3

Di s
Fi.s

1,7

53,1
3.2

Py
3.3

3.8

P33

0.5

0.4
0.4

Dj 3
1.5

1.8

(R
0.9

Dy s Fi 5
-7 -0.0
-1.9  -0.0
-0.1 0.0
-0.9 0.0
1.0 . 0.0

0.1

REW

'009
-1-1.
«0.1

-005

0.5
-0.0

0.3

511
-1.5
-1.7
-0.2
0.8

- 0.9

6.5

2,2

Py

-lo3

-1.4

- =0.3

-0.6
0.7
-0.0
0.4

0.6
0.7

Py, 3
1.5

-1.7
-0.0
-0.8

0.9

-0.0

0.5

1.3
0.5
1.7

Dy,s
-0.2
.0.2
0.3
0.1
0.1
-0.0

0.1

0.3
=0.2
-0.0

"0.3.

0.2
-0.2

0.2
-0.0
0.1

6.5
-0.1
0.6
-0.1
0.6

1,5
-0.1

1, 5
0.0

0.1
0.8

0.0

-Oua . |
-0.0
-0.0

-0.2
0.0
-0.0
-0.0
-0.0

0.1

0.7
0.8
8.1

0.3
-0.4

1,7

-0.0 -

-0.2

0.3
-0.3
-0.3

0.1

0.1
-0.1

0.5

092-
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Matrix lIl. ~ Error matrix for spdf solution II {expressed in dzgz)

S3.1

P31
Ps3 3
D3, 3
D3 s
3,5
Fi,7

Dy s

53,1 F3,1 P3,3 P33 P35 Fy 5 F37 5,

0.2 61 01 0.1
0.7 -0.4 0.5
0.7  -0.3

0.4

'eo l

-006

0.5
-0.4
0.6

0.0

0.3
“"'gng V

0.2
-6.2
0.2

-0.0

‘003 )

0.2
-0.2
0.3
-0.1
0.2

6.2
0.2,
0.2
0.1
0.1
0.1
-0.1

1.8

P

1,1
0.1
-0.2
0.4
-0.1
0. 1.
-0.1
Q.1

0.7
0.9

Py

0.0

C-0.2.
. -0.1

0.1
"001,

0.1

'001

0.4
0.1

0.5

D

1,3

0.0
0.2,
0.2
-0.2
0.2
-0.1
0.1

. 0.1

0.3
- 0.0
0.2

D..s
0.0
0.3
-0.2
0.2
-0.3
-0.1

0.1
.1
6.2
-0.0
¢.3

Fi.8 F3,7

-0.0 0.0
0.1 0.1
0.1 -o.1
01 . o1
0.1 -0.1
-0.1 0.1
6.1 -0.1
-o.x‘ 0.1
6.1 -0.0
-0.0 0.1
6.1 -0.0
-0.2  O.1
0.1 -0.1

0.1

-920
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Matrix IV. Error matrix for spdf solution III (expressed in deg?).

3,1
1.9

Pi

2.2

3.0

P33 D33 D3
0.2 1Lz -11
0.1 L7 -1.4
0.4 0.0 . 6.0
.1 -0.8

0.8

0.2
0.2
0.0
0.1
-0.1
0.1

1.9

-0.7
-1.1
0.3
-0.7
0.6
-0.1
0.4

0.2
1.6

Py,3
0.8
1.1
0.2
0.6

-0.5
0.1

-0.3

1.0
‘006,
1.0

D

«0.6
-0.8

'-0.0

-0.5
0.4
0.1

0.3

-0.7
0.4
-0.5
0.6

1,3

1,5
0.6
6.7

| 0.0 .
0.4

-0.4
0.0

-0.2

0.4
-0.3
0.5
-0.2 -
0.3

1,5

-0.1
§o.1

0.0
-0.1

0.1
-0.0
0.0

-0.4
6.2

~-6.3

0.1
'Oul
0.2

1,7
0.4
0.6
0.0

- 0.3

-0.3
0.0
0.2

0.0
-0.2
0.2
-0.1
0.2
0.0
0.1

-Lz-

9€301-1480N
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" Table 1. Scattering amplitudes for charged pions and protons.

Scattering amplitudes

' Reaction | Non-spin-flip ____Spin-flip
(@) wtep=u’tp | glI=3/2) | h(l=3/2)
D) » +p-=u +p " 1/3g(1=3/2)+2/3g(1=1/2) 1/3h(I=3/2)+2/3h(1=1/2)

@ v ep=nten  YEigua3/z) - guer/z)  VE(n0e3/2) - na=1/2))
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Table II, Nonrelétiviatic Coulomb phase shifts, first-order relativistic

corrections, and coxxiplete Coulomb phase shifts (all in degrees)

for incident pion kinetic energy 7T = 310 MeV.

-

-t

- 4

| \ .
- By ag, £y, L

0 0.00 - 0.09 eme- . 0.09 ceme

I 0.44 0.09 -0.17 0.53 0.27

2 066  0.06 -0.09 0.72 0.87
0.04 -0.06 0.95 0.75
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Table IIL. Phage-shift symbols. |

J . Phase-shift symbol
=372 =172
/2. | S3,1 Si1
1/2 Py, P,
1 3/2 Pj3 P13
2 3/2 Dj 3 P
2 8/2 | D, g Dis
3 5/2 | F3,5 Fys
3 7/2 | Fy 4 Fy 7
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Table IV, Differential and total cross sectien® for v~ + p = v + p at 310 MeV.

ecm LA rms uncertainty
(deg) : cm (mb/sr)
: | {mb/sr)
34.7 . . 1.184 , 0.043
41.4 1.171 0.035
47,9 | 1.151 . 0,033
54.4 o » 1,125 . » 0.029
60.6 | | | 1.027 3 0.027
66.8 | 0.970 0.023
72,7 ' 0.853 | . 0.023
78,5 - 0.774 0.018
84.1 | C0.690 0.018
89.6 N 0.635 . 0.015
94.9 - 0.561 0.017
100.0 | 0.498. = 0.013
105.0 0.461 | 0.014
109.8 -  0.480 . 0.009
114.5 _ 0.482 ' 0.016
119.0  0.514 " 0.012
123.5 | - 0.836 ~ 0.013
127.8 R 0590 0.018
132,0 C 0.663 " 0.016
136.0 . ~0.715 ' ~0.016
140.0 . 0.764 | 0.021
1440 o : 4 0.822 j ' 0.020
147.8 0817 | 6.021
151.6 v 0.889 . 0.025
158,2 - 0.941 . 0.015
' 158.9 | - 0.991 | 0.028
162.4 | | 0.932 - 0.029
166,0 | O 0.944 | 0.042

3The 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 I1I-B) was taken to be A« = 0.03, ‘
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‘Table V. Differential and total cross section® for vt s p- at 4 p at 310 MeV,

measgured by Rogers. be
g do (9) , :
cm @ rms uncertainty
- (deg) : » (mb/sr) _ (mb/zr)
14.0 | | 18.71 - 0.60
196 - 16.05 - - O 0.46
252 13.82 - 03
30.6 ‘ | 12.99. | 0.25
34.6 12.28 0.27
36.2 | 11,65° 0.27
44,0 9.82 | 0.15
81,8 | 8.59 g 0.26
56.8 . o . 7.54 ' - 0.28
60,0 6.58 0.22
69.6 ' 4,73 | | 0.10
75.3 N 362 o ' 0.09 -
81.6 - L 2.77 ' ©0.08
- 97.8 : 1.66 ' | 0,07
- 105,0 1.51 0.06
108.1 1l.62 o . 0.07
120.9 2.08 | 0.08
135.2 ’ 2,93 A 0.14
140.6 o 3.36 0.12
144.7 : 3.76 ©0.15
152.2 . 410 | 0.2
156.4 4.51 ~ 0.17

165.0 4.80 | 0.12

®The total crose section used in the analysis was 56,4%+i.4 mb, evaluated be-
- tween c.m. cutoff angles 14.7 and 158.0 deg. 7'he normalization uncertainty
(see Section IIFB) was taken to be A¢ = 0,06,

bSee reference 1,
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Table VI. Recoil-proton polarization for a4 P at 4 p at 310 MeV,
measured by Foote. a '

-

6 : P(H) rms uncertainty
. em

(deg) , - (mb/sr)
. 114,2 0.044 | 0.062

124.5 v -0.164 0.070

133.8 : : -0.185 0.044

1452 -0.162 | 0.037

85ee reference 2,
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Table VII. Recoil-proton polarization,for n” +p-=7 +pat 310 MeV,

ch

(deg)

114,2
124.5
133.8
145.2

15(9)

6.784
0.648
0.589
10.304

rms uncertainty
(mb/sr)

0.132
0.076
0.072
1 0.055
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Table vIIL Coefﬁcienta for Legendre polynomial fitto n~ +p = 7% ¢+ n
DCS, measured by Caris at 317 MeV. a

5&

gﬁ-‘ﬂ Z A P(cooe)

Coefficient . rms unce rtaintyb
o "~ {mb/er) : . {mb/sr)
Ay 1.39 o 0.06
A, 1.87 | 0.11
.A3 1.%0 _ 0.17
. A‘4 0.01 ~ 0.15
As _ -0.35 " ‘ 0.42

220e reference 5.

bThe normaligation uncertainty (see Section III-B) was taken to be A« = (.10,




Table IX. séd solutions to 7 -p DCS and total cross-section data (also w*-p DCS, polarizétioa, and
total cross-section data). ‘

- ' .' -
Dy 3 D35 S P P

Moxpectea™®? 3,1 3,1 F3,3 L1 P 1,3 P13 Pis
{1) 52,4 © -18.8  -50 134.9 1.7 -3.7 - -5.8 -4.0 4.4 -5,3  15.1
- (2) 61.3 -18.2  -4,5 1351 1.9 -4.0 -7.2 25.8 27.3 736 -0.5
3) 57.8 -18.5  -4.7 134.7 1.9 -4.0 24,2 10.5 -2.0. 3.6 -0.0

- {4) 52.1 . -18.9 -5.0 1343 1.8 -3.9 -4.0 -0.6 5.3 17.3 1.0

8¢~
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Table X. spd solutions to #~

-p DCS polanzation. total cross-section and charge-exchange eoefﬁcients
(also ot -p DCS, polarization. and total cross-section data)

M

P

expected =56% 83, Py, P33 D3y D3y S, Py, 1.3 21,3 Dyis 5
v
(1) 71.2  -18.8  -4.9 1355 1.7 -3.6  -6.2 -4.0 3.9 -5.5 15.2
2) 123.4 -18.3  -4.4 1357 1.8  -3.9 -2.6 28,7 6.7 28 -0.3
aMexpeet oq Means the number of degrees of freedom, i.e., (number of experimental points fitted) minus

{(némber of phase shifts varied).

9¢P0I-"THON



Table XI. spdf Solutions to Tr+-p and T -p DCS, polarization, and total cross section.

— a

Mexpected'47
Started .

/ i =] - :

M from S3,l P?)’l ¥ 3.3 D?)’3 D3,5 13,5 I‘,)’.l, S
I 37.9 Fermil -13.3  -0.0 134.8 4.8 6.4 0.8 -1.6 -
1I 48.3 " -20.7  -10.1 136.1  -2.0 -0.3 -1.1 2.3 11
i 41.3 ' -15.1 0.1 135.0 1.9 -6.4 0.8 -1.7 -0.
v 49.1 " -17.4 -2.8 124.2 3.2 -5.1 0.6 -0.8 1¢.3
vV 46.6 Fermill -35.5 -16.0 151.3 -11.4 13.0 -1.1 -1.9 -13.

I
n
[

W=
Ut e DV

[a¥]

N

~
~r

9eF01-"TY



Table XII. spdf Solutions to n+_p and 7 -p DCS,polarization, total cross section, and m -p—~ 71%n DCS.

-~

a
=52
\Aexpcctc_d ?
M 5 = 2 : D ]
M Ss0 Py Pas Py Dy T a0 S, Py 1,3 Pz Pis s F
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
11 64.2 -21.2 -12.1 137.2 -3.3 1.5 -1.8 3.3 10 23.1 ~-3.5 6.5 0.5 2.1 -1.2
1II 717 -15.6  -0.7 135.3 4.2 -6.0 0.7 -1.3 5.0 27.9 . G.2 -0.5 -0.7 -3.2 -0,
a Ie\'}“ecte'l means the number of degrees of {rcedom, i.e., (number of experimental points fitted) minus {(number of phase shifts varied).

9¢¥01-T¥YDN
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'Tabie XIil. spd and epdf solutions including the inelastic total cross section.

spd solution
53 P31 P, 3 D33 Dy
1=3/2 : ‘
phase shifts -18.9 -5.0 135,5 1.6 -3.4
S P PL3 Py,3 Dy,s
I=1/2
phaﬂa shifts "’6.0 "'309 400 " “5.3 l4|9
Corresponding , ‘ ,
inelastic _
parametersd 10.98 1.00 1.00 0.99 . 1.00
sﬁdt eolution I
83,1 F3,17:,:F3,3 “Pys Py Fys  Fi g
1=3/2 |
phase shifts -14,9 0.4 1351 5.1  -6.5 0.8 -1.8
Sy Pir Frs B3 P Frs e
1=1/2 o |
) phase ﬁhiftﬂ -5o9 "5.5 ,l.? . -5.5 ) 15.3 *0.1 203
Cofresponding
g%e stic | , |
rarheters - 1.00 1.00 0.99 ' 0.99 1.00 1.00 1.00
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~ Table XIII. epd and spdf solutions including the inelastic total cross section.

(continuéd)

.epdf solution I
D D

3

83,1 P3,1" P33 Dy 3,5 3,5 3,7
1= 3/2
phase shifts  -21.1 -11.8 137.0 -3.1 1.2 -7 3.1
St Prr Pz P Prs Fus F17
1=1/2 _ : _
phase ehifte = 10.9 23,0 -3,6 5.9 0.3 1.8 -0.7
Corresponding '
inelastic _ -
parameters  1.00  0.94 1.00  1.00 1.00  1.00 11,00
spdf solution III
S3,7 P31 P33 D33 Dy F3g  Fyg
1=3/2 .
phase shifts -154 -0.4 1356 4.4 -6.2 0.7 -1.4
S5t Fi,n P3Pz Pys. s 1.7
I=s1/2 ‘ -
phase shifts 3.7  26.4 8.6 -0.3 3.1 -0.6 -0.1
Corresponding ' '
inelastic , '
parameters 1.60 1.00 0.98 1.00 1,00 - 1,00 1.60
&

. 85ee Section IV-D.
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Table X1V, Re{g(o deg)] in units of h/pc for 'n*.p and ® -p scattering at
310 MeV for d-wave solutior and 3 f-wave solutions listed in the text,

e

Solution n”"-p Re| g(0 deg)] nt.p Re| g(0 deg)]

d(1) ~ " -0.080.02 - -0.6940,01
f1 -0.04%0,03 - | -0,6840,02
f Il . "000!“002 -0.69!“’.01
fumr | ~0.060.03 o  -0.690,01

Spearman prediction | -0.06 . -0.69




-48. , UCRL-10436
LEGENDS |

Fig. 1. Recoil;préton polarization in = -p elaatic a'cattering at 310 MeV,
Casnes piotted are those d-wave aolutioﬁe given in Table IX,

ﬁg. 2. ‘Corhpa.ris-on between predicted and measured charge-exchange _DCS.

‘ Error flag ihows approximate uncertainty in experimental measure-
ment at backward angles. 4

Fig. 3. The spdf solution (I) fitto w -p DCS data. The other two spdf
bolutione give comparable fits to the data, |

Fig. 4. Recoil-proton polai'ization in ®".p elastic scattering at 310 MeV,

Cases ?totted are those f-wave solutions given in Table XL
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