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ABSTRACT

Differential cross e‘ections for elastic w-p s_caftering were measured
2t eight energles for p@aiti\vevp;i@n@ and seven energies for negative pions.
Encrgles raéged from 340 to 650 McV. These measurements were made
at the 3-GeV proton synéhrotroa at Saclay, Frénce. A beam of plons from
an internal BeO target was dizrected into a lquid hydrogen target. Fiﬁtyoama
scintillation counters and a mtrix~comcxdence system were used to measura
simultaneously elastic events at 214. angl@s and charged inelasnc events at
78 w-p angle pairs. Events were detected by coincidence of pulses indmaﬁng
the érea@nce of an incident pion, scattered pion, and recoil proton, and
the results were smied in the memory of a pulse-height analyzer. Various
.corrections were épplied to the data and a least-squares fit was made to the
m‘@éulﬁs at each energy. The form of thé fitting function was a2 power series
in the cosine of the center-of-mass angle of the scattered pion, Integration
‘under the iz&fzed curves gave values for the total elastic cross sections
(withow charge exchamge) The importance of certain angular-momentum
gtates is dwcussed The v~ -p data are censwﬁent with a D13 resonant

at&te at 600 MeV, but o not necessarily require such a resonant. state.
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I. INTRODUCTION

This éxperimem-ceéatimtes ;'a. portion of an éxténsive study; of the
phenomenclogy Qf the w-N interaction at energles above that of the
v;eilakzicwn (3/2,3/2) rescnance occurring at a pi’cn kinetic energy of
495 MeV {* 1236 MeV total c. m. enargy for the w-N gystem). Differential
and total ela.s&ig. cross sections were measured for the interactions
atp = 'ﬂ‘+p and #"p =W p. m.Fig. 1 we see plots of the tbﬁal cross
s@ctioné for w*-p and v~ -~p- -scattering as functions of the lab‘ kinetic energy
of the pion. The vertical linas represent the energias at which the measure-~
m\.ms of this expemmcm were made; they are 3140, 370, 410, 450, 490.
550, 600, and 650 MeV., Th@ wt - p interaction was studied at all eight
energles; for =~ -p 340 Ife.V was omitted.

Many experimen‘:s bave been performed at energies below 310 MeV.
This icw—energy region, dominated by the (3/2,3/2) resonémt state, is
understood qu..te well. Recent extensive measurements at 340 MeV by
Foote et al., Hill, Rugge. and Vik have given a f{airly complete description
of the w-N interachlon at that ener gy. Also, considerable information
is available in the energy range from 550 to 4600 MeV from the expgrime‘nts
of Helland et al., Wood et al., and Eandl. 2 -

The purpose of this exp_eriment was to give information in the 300- to
650-MaV reglon in. é.n attempt to br;dge the gap in_thé existing data. Several
experiments have been perio‘r‘med in this region. 3 However, the statistical
écc_uracy of those measurements is quite poor in .génaral. and in several
céses the gap in energy between measurements is quite large. |

En the study of the w~N interaction it is of interest to know the role of
the vm'ious angular-mom ntum statea. Such information can be obtained
from a partial-wave amlyais.‘ in which the scattering is defined by a set of

phase shifts.:



e

bmomcvnmpsrﬁam. Furth e:*nere, wh@n inclamic processes become possible,

. of the number of necessary parameters. For these reasons a2 partial-wave

‘Response to electrons and 2 portion of the muons in the beam was eliminated

with a gas Cerenkov counter. Cases in which two beam particles were too

2. UCRL-14180 Rev.

As s:h-e'energy is increased, a pmﬁiai-wave analysia becomes more

diiz:aculﬁ: ncc&use of the large m.mber of anamlarnmomenmm satates ‘cha&
the phase shifts become complex quantities and this resulﬁe ina doub)iing

analysis at a single energy produee@ many possible saluﬁons. It is hoped

that, by requﬁz‘mg that mepaasa shxftofabe continuous functione of energy,

most sclutions can be climinated.

. In order to apply the restri ctwns o£ energy conﬁinuity, it i3 necessary
to have a closely spaced n@&work of accurate data. Thus, we x'e_n.hze,the
importance of data in the 300-&0,650-M@V~range in coanecting the low-encrgy

data with the high-energy data. '
IL. EXPERIMENTAL PROCEDURE.A_ND EQUIPMENT .
.. A Prqcedum o,
A plan vigw of thé experiment is Aevhvown in Fig. 2. Positive .and_ ne%aﬁ:ive
pions were produced in a BeO targét inside Sa.‘v’;g;'ne. _‘ché Saclay proton ' .
gynchretron. - By means of a nﬁggnetic Optical sybsaem, a »bcvaam of p.iong with

the desired charge was momentum-analyzed and focused on a liguid hydrogen

target. Four scintillation counters were used to monitor the beam. Because

protons in the positive pion beam had a longer time of flight than pions,

response of the counting system to pro?,oizs was eliminated electronically.

cloae - together in time were eliminﬁte& electronically.
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. Scattered piona and their associated :re;ccsil protons emerging from the
liq\xﬁd hy‘dvoacn target were detected with an array of 46 scintillation
‘counters. Elastic-scatﬁering évents -wez:’e detected by a ;oincidence of
pulses indicatiné the prescnce of the incident pion, scattered plom, and
receil protcn.' Geometric restrictions reguiring that the event be coplanar
or nearly éoplanar and at prop_e'r pion and proton angles minimized the
inclastic contaminailon. By measuring ineclastic events in the region near
the elastic eventa, a correction was determined for the elastic channels.
Elastic events at 24 scattering angles and charged inclastic events at 78
n-p "cff-clastic angle" peirs were simultancously measured and stored
in the memory of a pulse-height analyzer.- At the end of each run the data
in the memory were aimvitaﬁeoualy punched on 1BM cards and typed by an

slectric typewriter.

B. Beam Design and Hydrogen Target

L4

The internal Saturne beam of 3-GeV protons was caused to impinge
upon a ijeO target. As chown in Fig. .2. a2 symmestric optical system
consisting of two triplet quadrupole magnets (Q i'and Qz) 2nd two bénding '
mégneta {B 4 and BZ) cohd_w:ﬁed particlea of the proper charge é.nd momentum
from the internal target to a position and momentum focus at the hydroéen
‘ targef. A lead (Pb) c.onimatar waé incorporated at the intermiediate focus
to dofine a spmad of 3% in the beam momentum. |

The liquid hydrogcn target was 10 3em long and was simi};ar to the

gcﬁ descxibed in refereacc Za.

0

C. Scimiuation and Cerenkov Counters

Four scintillation counters and a Cerenkov counter were used to x_nonitor
the beam (see Fig. 2). Caunteré M, and M; were beam-defining counters,

Mi being at the intermediate image and MB being 15 em in {ront of éhe



. by any pion ecaete:ed from the target intoa « c_:ounter.
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hydrogen tax’get Coun"ers MiAv é.nd Mz wém large counters deaigned.tlo.'
detect all the beam pm't,iclea. '_A coincidence of sigmﬁs fz’om Mi' X ‘and ‘
: M farmed the bams of tam bemm monitor systcm ’I‘he signa.l from M'IA | |

| and a secc»nd signal from 1\“2 were us»d in the double- pulse-mjection
eystem (dnlsf;\;séed in reierence 2a). - | |
In ordex' to ragpct clectronicany the elecﬁrons and a portion of the mu,ome,
é gaseous ei_:hylen_e Cerenkov counter C wae placed near the intermediate
image, Ethylené was chosen becausé .a; easily attainable pressures it haav
an inde}x of mfx’actioza in the proper range to distin.guish.befwee‘n{ muons |
and picns at the ener gies of this experiment. At 340 MeV an ab;soldte
pressure of 42.5 kg/cmz was mquimd. The Cerenkov _comier is descxibed:
in reference 4. A o N o R T
'The array of 46 ecintillation ‘counteié used to detect scattered part:f.cles_ 1
is shclvm schem#ucally in Fig. 3. The 24 m counters were placed to the ?

right of the beam‘at various lab anglea between 25 and 453 deg. Their

R VT L R

purpose was to detect scattered pions.
The solid-angle region available to protona comugate ‘to the piona
E c’umectad by the = counmra was covered by 25 overlapping counters called
 p counters. The P countex's were combined in 24 groupe, each group
_qozz.tainingvirom_three to seven counte;s. Such a group, caned a P counter,
detected all pioton’acondugate to the "cvorresponding m counter. The p
counter eigzw.ls' fér a given gréup were added eiecttouicaliy. The way in
'which the p counters were comblned was difierent for each energy of the
incident pion beam. | ‘ | - | B .o | |
. The counter SO’ shown partly around the hydrogen target 111 Fig 3 -

h

: "was arranged sc as to be missed by the pions in the ‘beam but to be traversed :
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D. Electronic Apparatus

The electronic apparamé _cox;,sist'ed of three systéms: _the beam-
‘monitor system, the matrix-coincidence system, and the core storége
system. These systems were vex;y similar to thpae usea in the éxperiment
by 'Henand et al. Z‘a Two differences should be noted: (a) Chang:es were
made in the beam-monitor system to‘.im‘prove its frequency response and
reliability. - (b) A 100 -chansel core storage was used instcad of the
original 64-channel core storage. The matrix-coincidence Byétem waé
modified to adapt to the largeﬁ: caré.. storage. These éhanges made pdasible

an increase in the number of inellaati.c channels from 42 to:?B. .

I DATA ANALYSIS
- Data were‘ reduced and éorrections applied in a manner .éimilar to that
qf Helland ét al. Za. Two excéptions were: | (a)_ fhe ﬁaceasity of a c:orre-ction
for eclectron contamiﬁxétion in thelbeam was eliﬁimted by the use. of the
Cerenkov countei C. {b) .Muén-;bhtamination correctioxfzé wei‘e smaller
than in the experiﬁaent of Helland ét al., because of the use qf the Cerenkov -
coum::er.. The muon correction in this experiment ranged ﬁoxn 2.25%. at .

650 MeV to 4.1% at 340 MeV. S e
IV. RESULTS

A. Differentia) Cross Sections -

| The'reaﬁlﬁs of the diﬁferentia.l-cioss-secti_on measurements and the
.aséociated errors in standaxrd déyiatﬂone are given in Tébiea._l through VIIL |
" The values given for cos 8%= 1.0 are theoretical_ valuea’obtaii;ed from the
| optical theorem and dispersion relations. The jdieperéion-relations calculz}tion

‘i that of Cence, Cheng, and Chiu. 5
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B. | Least-Squares Fitted Curves

The curve of the form .

) . Y a_cos™6*®: S - " {4)
an n=0 'n L '

wEs leasé";"gquéres' ‘fit’:éd to the data. 6 The coefficients é. q Were &etern‘iined v
by the least-s‘q@rea calculation. 'I‘he error matrix of the’ leastosquares fxt |
was used i:o'détermina the errors in ﬁh@ coefficients. |

j The diﬁemntiai Cross- section data. and fittad curves are plotted in |

sz's 4 through 7. Thﬂ dxzpersion-—relmionu points were used in making
the fxﬁs For wt. P, 2 foar&h-order fat--i €., N= 4—-was used at all energies
For w -p, 2 fourthwowder fzt was \..se.d at 370 and 440 MeV. and 2 fzim«order
fit at energles 450 MeV and @.bove. | |

The coeﬁfxcxema and :;hur errors are listed £or each energy and charge
in Tables IX and X. They are alzo plotted as a function of energy in Figs, 8
‘and 9. 1 _ | - B |

" Severai critefié were cénsf_\dered in chddsing the order of ﬂt. One.
cz‘i%:erién was ;f.hat if 2 given order vere reétiiréd at a'cej.r_tain energy, no ;
‘lower ordex wéa evex:, chosen at é, higher energy. Thie corresponda to ehe
principle that ae. ﬁ};ze energy increases, the number of partial waves taking
part in the scattering should not decrease. -

An intexe sting teat was made by compaxmg the £i€s obtained with and
wi@hou‘t the dmpersioz_z—relations peint.  In almost every cace, the two fits
for the choaén order were nearly identical. .

An important commdomtion was the etan&ard xz test, The goouness-

g/z. for which d is the nu'nber of degrees of

' of-fit parameter. (xz/d)
fréeddm, was ‘célculated for cach order. The chosen order was the lowest
- one for which an increase in the order gave little change in the gbodness-

- of ~fit parameter. Except for a few cases in which the other previou'sly
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mentioned criteria indicated stzjongly that a higher order was needed, the xz

test determined the order of fit. . The gooéness-oﬁ-ﬁt parameter, the order
of #it, and the number of da;'grees of freedom for each energy are listed

-

in Table XI for vt-p and Table XII for 7~ -p. |

C. Tetal Elastic Cross Sections .

By integraéing wnder the fitted differential cxass-sectibﬁ' curvéa,_
measurements of the total elastic cross section were obtained. These
values and their errors are listed in Table XIII and plotted as a function

" of energy in Fig. 10. f
V. DISCUSSION

A. Partial-Wave Equations

In ﬁﬁe study of the pion-nucleon interaction, it is of interest to know -
how the various angulaz-momentum states participate in the acattering.
Particularly, one would like to know what states, if any, 2re domiﬁant.v Cne
- appyoach to this problem is to examine the behavior, as function of energy,
of the coefficients of a cosine-péwer—series expansion of the df,iferenti&l ,
cross section. o ~. o _ .

The partial-wave expansion Xof the differéni:ial cross section for a |

‘apinleas parﬁcle {pion) and a spin-1/2 par’ticle (proton) is

2.

do (0%) i [@ 4;1')1"" + EA"]‘P (cos G*i '
dﬂx S0 ¢ 2 R il . .
| -, 2
- e s .4 .$V 2

The index £ represents the orbital ax;gulax’-»z_homentum state, é,nd theb + and -
superacripts indicate that the total angular rmomentum J is 2+ 4/2 or

2.4/2, xespecﬁveiya~ ' The functions Py (cos 6%) and P} (cos 67) are
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respﬂcdvel}f tlw Legendre p@lynomial :md the firct as mociated Legenﬁre

pe?.ynomxak of of.der ﬂ Th@ pg.rﬁialvwave sc.«.ti;e;mg avnplitude Aﬁ can be

. written a 28 & ;mction ef ﬁhe real part oﬁ the phase nhift &% , the absorption

parameter 'nx . and, the c. M, wave nu'nbe& ks
o & & o . | )
Ay = [«-;E exp (Ziﬁﬁ.) - 1]/2ik , o 7(3)

If &he sﬁmmations in Eq. (2) are cut off at a value £ ax; | that

: @xpx*e.amon can be em@nd@d and the terms recombined in the foz'm |

Y

o 28 . . . .
_5_3-9';_(%:_2 =  a_cost 0% : L (4)
S da nzO' B . ‘ - L :

This cxp&nsion relates the coefﬁcients a to the pax‘tial-wave amplxtudes

(See Eq 16 of refexence 2a. )

B, Intérpretation of wt-p Results o

The 'n+np" céeiﬁciems a.re plofted vs ‘energy in Fig.z 8‘ 'l‘nhe‘ éﬁ;ooth
be%avwr of the ccaffﬁ.cwms indicates that little of interest is occurring in o
the T= 3/2 state in this enexgy range ‘Below 300 MeV we know that the
scattermg is domimted by the P33 state, resonant at about 200 MeV. The

smoeoth dccreaae in ao, ui. and a, in going from 300 to 700 MeV can

‘eaaﬂy be recognized as a result of the decreasing importance of the P33

state. ‘ ' ‘
Cne cbserxvation ;'egazfdiﬁg §he .D-w:;we‘ éﬁaises can be mé.de from a

: cmﬁssideration of the coefficienf By Smce a fifth- or higher-order fzt wag

| not needed, we are fairly conﬁdent thaf’. F waves can be neglected With

thm @ssumptioxx, we. have S » |

,‘4: 45 Re(D33 35)+ (45/4) {D3512 o (s

From Fig. 8 we see that a, is negative. | Since the second term ;n Eq. (5)
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is positive definite, the first term must be negative. This implies that the

D.,.and D

33 3nd Do, phases have opposifi‘e signs.

C. Interpretation of n”-p Results

-Next, lef. us consider the mbré :complicated 1" -p situati;n. The
presence of both isotopic spin states @kes the interpretation of the cc'::-‘efﬁc»ients
difficult. However, we have seen that the T=3/2 states are in general of
small amplitude and slowly varying in this energy range. |

The w~ -p coefficients are plotted vs energy in Fig. 20. Considerable
sfructure is apparent in the regiop afound' 600 MeV. I‘his struéture appears
to be associated Wiéh peaks in both the total cxosé section (Fig. 1) é,nd_thé
total elastic cross section (Fig. 40). | - -

Several explanatxons have been given for the 600-MeV enhancement.
Peier_ls. on the basis ofphotoproduction mcasurements. ascribed the
enhancement tova resonance in the D13 stafe. 7 Bafeyre ei al. have recently
repbrted evidence that a ‘D13 resc;nance is not au.fficient, ‘and that a regonance '
in either the S“ or P“ sf:ate may occur at about 430 MeV in addition to a
. D13 resonance at 600 MeV. 8 Further suggéstion of two resonant states is
given by the recent parual-wave analysis by Roper. ? |

Neither a P“ nor a D13 resonance fits m the scheme of the Regge-pole
hypothesis. 10 I“urthermore, the nucleon itself can be considered as a P“

- m=N état_e, and one would not expect two dxstmct resonances with identical
quantum numbers. Such theoref;ical difficulties and v#rious other c.onsiderati.ons -
" have led many to believe ti"xat the 600-MeV enhanéement is a result of inelastic
processea vBa.ll and. Frazer hav'é poi;-).ied ouf that a rapi;ny mcrea.sirig
melastxc cross section may give rise to a pea.k in the elastic cross section: -1

Such a behavior could Q.J.co be asaocxated with certain prominent angular—

' momentum states.
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A few genergl remarks- about reeomaricea are in order. The Breit-
W ﬁgner rescnance theory predicts for an elasﬁic resonant amplitude the
' formtl

kA = rel/{fz(ER_-_E) -], (6)

Here, 'Tel’s and T are the clastic and total widths of the resonance. The

total c.m. energy is E and the resonant energy is Eg. Itis convenient -

to introduce the notation of Watson et al., 5‘3
x = Fel/r ' - (7)
and A
€= (z/r‘)(ER-E);' | - - (8)
; In terms . of these symbols, ’
= a/(e i) o (9)
If the polar form of kA is used. that is.
KA = [kA|expi®), © - (40
: eﬁe can show
€=cotd - , o (44)
and , | " | | 4 _
IkA| = xsin 6. L - '(12)

b

Thus, if the elasucity x is conatan&, the amplitude kA lies on a citcle |
of radius x/z, as shown in Fig. 14, |
In ordfar to assess the compa.tibility of the data of this experiment with
a. Dﬁ?; :resonance, we shall assume that a D‘13 resonance with a Breit-Wigner
form is present amd a&tempt to ﬁt the energy variation of the w~ -p
cocfficients. Certain reasonable assumptions will be mada about the other

states involved., The accumcy of the ﬁw will datermim the compaﬂhmty

of the data with the asaumpﬁiona.
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In this rough analysis we shall neglect the effects of the states whose
amplitudes we would expect to Se.smau—-na&mely, the- p13' D33. 1535, and

F.. states, and all states with total angular momentum J> 5/2. Experiments

35
at higher energies h‘ave indicated that the F15 state is reconant and the Dyg
ampliﬁude large {or vice versa) at about 900_ MeV.‘Z We shall assume an
FiS _resonaﬁce at ?00 MeV with a Br¢1t~Wigner form. | A Breig-Wigner
forxzﬁ for the P,, resonance will also be gsed, the width being such as to
agree at 340 MeV with the partial;-wave analysis by Foote et al ib The
parameters'x, T, ax_xd ER’ y;vhich we shall use for the P33. D13, and FiS
réaoﬁnces, are given in Table XIV. Those for the D13 and F15 states
were either taken directly from or émimated frdm the work of Omnes and
Valladas. ﬁ‘% | These parametéra were ch'oaenv somewhat arbitrarily and
should not be taken too seriously. |
The real and imaginary parts of the resonant amplitudes are plctted vs
energy in Fig. 12. On the low-energy side of the D13 and FiS resonances, -
multiplicative factors were put in .to b:ing the amplitudes fo zero. This
Was_ﬁecessary because of the simplifying assumption that the T's were constant.
The behavior agsumed for the S, /5, P, /,, and Disgstates is shown iﬁ
Fig 43. Motivation for the assumptions made 18 given in the ensuing
paragraphs. . .
Let us now consider the coefficient 2, The ‘193/3 lz term gives a
positive peak at 600 MeV, as shown' in Fig. 14. From Fig. 9 we see that no
such peak appéara in 34 However, if we 'assumea ‘that the real part of the
S i/2 amplitude 1.; Aegligibly' amall and that the imaginary pax't is constant at
a value 0. 27 the S 4 /2 3/2 interference term cancels the effect of the . 'DS /2]
term. The 51/2 3/2 term is shown with the ,DB/Z, term in Fig. 44. The
assumption of a pure imaginary S-wave amplitude is not unreasonable in
view of the £act.that:'one would expsct inelastic scattering t:o be most importa.nt

in the low-anguler-momentum states. Furthermore, since the n~-p
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amplitudes is e_.v éomb‘iaatipn of two amplitudes, it ‘could-be pure 1mgginarf ;
_aven-thoughthe‘phasa shifts fo%-‘the individilz;al isotopic- spin ctates rﬁay be_'v
pure real. If 2Re SM’: >-Re 83;. fh’ef resultant Si/z amplitude for w"p is
pure 1maginary ' ' | ’
Th_a; same two terms, fD3/2 '2 and 81/2D3)2, which have opposife-A -
“signs in ad,
as shown in Fig. 15 This is consis'tentyith the large poeitive peak in az

have the same sign in -az and combi ne to produce a la.rge peg.k.

shown in Fig. 9.

The general trend in the coefficient &, appears to be consistent with a
53/2D5/é inﬁerf@mnce for which ihe DS/Z amplitude has the form ghown
in I‘zg 3. The contribution to 2, from~this term is plotted in Fig. 16.

The ccntnbution to a, from P3/2 3/2 interfcrence is shown in Fig. 17
together with that from D5/2 5/2 interference.. These two terms give the
proper trend in a,. | | \

The states discussed so far do not give a good prediction} for:vit_hé coefficient -
2y Both the Py /2D3 /2 and D5 /ZFS /2 terms glive little contribution to a,
at 600 MeV, as shown in Fig. 18, Hdwever, a 2-mb peak in a, is indicated -
by the data in Fzg 9. The only other state that could interfere with the. D, /2
aﬁatg and contribute to ai ia.the 'Pi/z state. If we assume, as we’did for
the 8, /2" that the P 1/2 amplitude is pure imaginary and constant, the P, /2 3 /2
cbntribu‘cion to a, is as shown in Fig 18. Furthermore, the T 1/2 3/2
-interference term does not com;'ibute to any other coefficient: ‘

. Thus one can see the _moti_vation for choosing 'tl;e forms of the amplitudes
given in Figs 42 aﬁd 43. Using these amplitudes and considering all the
terme that coutribute to each coefflczont, we obtain the behavior of the

coefficients shown in Fig. 19. The data o£ this experxmem and the 698-Me’v’

data of Helland et al. 2 are also plotted in Fxg 19.

s b s e e e L
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Cne can see that the agicei&;ent between the data end the predictions is
fairly good in view of the many 'aimplifying: agsumptions made. This; does
‘3 state, but shows that the
~data appear to be conéiatent with a DiS resonance.

not prove the existence of a resonance in the D

The amplitudes chosen to fit the coefficients of the angular diatributiona
can also be used to predict the polarization of the recoil proton. In Fig. 20
the predicted polarizations for 523, 572, a.nd‘6_89 MeV are plotted with the

2d Although the agreement at 523 MdV is not very good, the

data of Eandi.
predictions for 572 and 589 MeV fit the data very well.
In regard to the evidence for two resonances in the 400-to-700-MeV

r_egiou. it can only be said that in this rough analysis the necessity of a -
second resonance was not ap'parent. |

.In summary, we can say that the D, 4 state rises to prominence in the
energy region from 400 to 700 MesV. Furthermore. it appears that the
~"-p differential cross section data are consistent with a D,,‘3 phaae shift
that passes through 90 deg. However, an alternative explamtmn cannot be |
ruled out. Because of the impo;'ia;zce' of inclastic procezsses. the D, , resonance,
if ‘ind@ed it may be called 2 resonance, may be of 2 nature fundgmentauy
different from that of a bound—stafe type of resonance, associated with a
Regge pole. Further investigation v)ill be necessary to resolve these

. uncertainties. Accurate polarization and charge-exchange measurements

should aid in a better understanding of this problem.
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Table I. Differential cross-section data for T_ = 310 MeV.

" Coso™ o do(e*)/dﬂ* (mb/sr)

: +

i ' ) T -P

1000 © 14,090 & 1,410 )
0.533 . . - 7.102 % 0.330 ~

0.450 | 6.391% 0.408 .
0.355 - 4775% 0,523 e
0.258 . . . 2.722%0.925 . .
10,160 S 2910+ 0621 o
0.045 B 2.074 % 0.419 o
20,067 ¢ . - 4.646 % 0,403
0474 1.447 £ 0,104
.0.308. 1.402 + 0,077 - 1
.0.472 .. | 1.699 = 0.085 )
0,613 2.163'% 0,104 |
00720 . 2.818% 0.434 .
~ -0.800 ' 3.549% 0,166
1 -0.860 3,962 % 0,205
-0.903 S 4,214 = 0,240
-0.946 ¢ . 4786 % 0,218

R AEh

o »
L3 - .
=TT PRI

g <

RN R RATIICRS
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Table IL Differential-cross-sectién data for ;Tﬂ = 370 MeV. "

Cos 8" ao(6™)/ae”™ (mb/sr)
| T ep __w-p
1.000 10.040 £41.000  4.240 +0.120
1 0.584 5.524 £0.160 1,305 %0.044
0.510 4.845 0,157 - 1.482 £0.052
0.425 4,045 0,242 1.417 £0.075
0.328 2.933 £0.291  0.899 £0.093
0.228 . 1.918 £0.404 0,563 20,114
0.130 - 1,744 £0,585 0,582 £0,142
0.014 1.349 £0.070  0.581 £0.026
-0.098 £0.869 £0.056  0.447 £0.024
-0,204 10,653 £0.050 0,448 £0.024
-0.336 0.596 0,036  0.389 0,016
-0.496 . 0.629 £0.038  0.429 %0.048
-0.632 0.910 £0.050 ©  0.506 +0.022
-0.735 1,249 £0.065  0.650 £0.027
-0.841 1,448 0,084  0.740 £0.034
©-0.868 1.848 £0.098  0.823 0,044 "
-0.908 1.995 0,143 0,933 +0.050
-0.949 2.199 1,000 0,043

¢

'2.199 £0.108




Table III. Differe'ntj.a_l c,ros_s-sec_tionvda_ta fo-.r- T.,, = 410 MeV, |
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v

Cosd™ do/ae” (mb/sr)
Al . T -p
1.000 8.150 £0.810 1.740 £0.170
10.639 5,423 £0.446 . 1.542 £0.039
0.571 4.375 £0,119 1 1.383 +0.044
0.495 3.844 £0.142 1,264 +0,065
0.408 13,499 £0.248 4,192 £0.089
0.310 2.065 =0,254 0.928 £0.094
0.209 1,342 £0.370 0.651 =0.125
0,410 1,361 20,363 0,661 0,117
-0.006 “0.923 £0.052 0.534 £0.026
- -0.118 0.554 £0.038 1 0.406 £0,023
20,223 . .~ 0.364 £0.036 0.372 %0.021 -
~0.353 10.279 £0.025 0.358 £0.015
-0.541 | 0.284 £0,029 0.389 %0.017
-0.644 0,507 0,036 0.528 £0,022
| -0.744 - 0,773 £0.044 | 0.680 %0.028
-0.818 0.942 £0.055 = - 0,765 %0.034
| .0.873 1.034 0,066 | 0.856 £0.044
-0.942 4,456 0,077 1,050 +0.051
-0.954 . . 1,437 £0.070 ' 1.449 %0.047

rpm i e - T P AT 15




Table IV. Diffez;entia.l cross-s_ection data for Tﬂ.= 4540 MeV.
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%

Cos 6

1.000
- 0:628
0.558
0.480
0.392
0.292
0.19%

0.091
-0.025 -

- -0.136.
- -0.241
-0.370
-0.525

©-0.655

-0.752
-0.824
-0.877

-0.945

- -0.953

do/dQ” (mb/sr)

prn
T -pP

T -P

6.520 +0.650

4.386 £0.092
3,552 £0.094
3.090 20,126
2.483 £0.150
1.844 0,201
1.070 £0.306
4.416 +0.243

0,634 %0,040

0.354 £0,032
0.201 £0,027
0.404 %0.049

- 0,186 £0,0419

0.268 £0.025

 0.357 =0.032 .

0.534 =0,040

'0.602 =0,046
0.599 £0.059
0.689 0,054

2.540 £0,250
4.594 £0,041
1.494 +0,046 -
1.412 0,078
1.190 £0.088

10.980 £0.107

0.566 £0.439"
0.670. 0,402
0.426 £0,026
0.380 =0.022
0.276 +0.024

- 0.255 £0,015

0.355 0,048
0.496 0,023
0.747 £0.030 .
0.947 =0.039
1,077 =0,047

- 1.497 £0.059

1.461 £0,053




. Table V, '_-Differentia.'l-'cr_oés-sec"tion data- fdi'-—TTr-= 4‘90 MeV..
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R e
Cos 6

1,000 .
0.685 -
0.647

0.545

0.466

0.376

0.276

0,173
0.073

©-0.043

20.154

-0.258"

© -0.386
-0.538
-0.665

-0.760
L0.830

-0.881
-0.918

-0.954

 do/d@”™ (mb/sr)

.+:‘.
m_-P

' 5,470£0.520
3,704+ 0.091

3.754%0.079
2.960%0.080

2.474£0.112
2.140£0.131
1,279+0,179
0.84920.220

0.645x:0.3410

0.419£0,042
' 0.243£0,028
0.093:0.024
0.061£0.016 -
0.100£0,019
0.469£0.021 -
. 0.24120,028
 0.342£0.031
. 0.402£0.038
 0.378%0.047
 0.35320.041

T -P

.570 £0.360
866 £0.057
.879 £0.046

3
1

1

1.558 £0,054
1.433 £0,089
1.286 £0.097
0
0
0
0
0

.9441 x£0,418

.620 0,127
0.494 £0,165 . -

.498 £0,030

.288 0,023
0.255 £0,020
0.235 0,015
0.324 0,018
0.589 £0.026 -

0.781 =0.034

. 1,009 £0,043 -
1,101 £0.057 -
1.292 0,064

1.513 £0.058

.
B
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Table VI, Differentiai cross;section data for~ T_;T = 550 MeV.

Cos 0*

1.000
0.728
0.671
0.600
.0.526
0.445
0.354
0,254
0.148
0.047
 -0.070
~0.180 .
-0.283
-0.408
-0.556
-0.679
-0.771
-0.838
 .0.887
-0.922
- -0.957

do/d2” (mb/sr)

+ .
T -p

3.850 %0.380

3,046 £0,068 .
2.792 £0.065 .
. 2.661 £0.055
. 2.492 £0.060
4,771 £0.078
4,403 £0.085

0.923 £0.121
0.523 +£0.184

0.4418 +0.194 .
0.299 +0.026

0.154 +0.020
0.067 £0.048
0.053 0,044
0.104 £0.014
0.138 £0,046
0.4152 0,020
0.455 £0,023
0.446 +0.027
0.125 %0.032

0.133 £0.026

'n'-p-

5.410 =0.540
2.954 0,075
2.702 £0.074
2.422 +0,057

2,061 £0,063

1.634 £0,082

4,449 £0.095
1,014 20,124
0.567 £0.475
0,413 %0183 .

0.189 £0.031 -

0.464 £0.023

0.433 £0.022

- 0.490 £0.016
10,406 £0,022

0.724 +0.031
1,031 =0.040
1,249 =0:056

- 1.394 £0.065
- 1.832 £0.084
14,696 £0.075
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Io. - Differential 'v;fdsS'-section data for T, = 600 MeV,

AT

1 4.000

0.718
0.659

0.586

- 0.514

0.428
10.335

0.2314

0.427
0.026

-0.090

-0,200 -

. -0,302

. -0.425

-0.570
-0.661
. =0.779

-0.891
-0.925

-0.958 ..

wE e
. v Cosf,

- -0.844

T ¥
atop

12.890 0,290
2,340 %0.055

2.118 0,052
1.994 =0.044

4,576 £0,050

1.406 :tO..068

41,041 £0.071

0.669 £0.097

.0.449 =0,167

- 0.384 =0.105
10.200 £0,022

0.108 £0.019
0.068 £0.049

- 0.043 £0.016
 0.091 £0.016

0.182 £0.018

0.154 £0.020"

0.435 £0.022

0.107 %0.024
0.426 £0,027

 0.082 0,027

do/d2™ (mb/sr)

. Tl'"-p

6,930 20,690

3.778 £0.088

3.289 +0.082

2.995 £0.069

1.888 =0.087

1,449 £0.097
4,037 £0,133 .
-~ 0.569 £0.238 .

0.356 +0.4156

0.207 =0.029
0.0841 +£0.023

0.449 0,026

0.103 0,024
~ 0.185 £0.022

0.640 0,034 -

0.550 +0.045
1,028 £0.053
1.455 £0.064
1,216 0,079
1,340 £0.072

. 2.462 0,075 .

R BRI LT LY e

>
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Table VIII. Differential cross-section data, for 'I‘_n_;= 650 MeV.

D
Cos 8

1,000
- 0.708
0.648
0.573
10.496
0.412
0.347
0.212
0.407
0.006
-0.140
-0.219
-0.320
-0.441
-0.584
-0.704
| -0.787
- -0.850
-0.895
©-0.928
-0.960

+
T_-D

dﬁ'/ﬂﬂﬂt (mb/sr)

2.340 £0.230

1.786 £0.046
1.599 =0.047

. 4.590 x£0.039
1.3041 =£0.048 -

1,048 £0,058
0.795 =0.064
0.496 *0.087

0.240 =0,104
0.168 0,443
0.444 £0.023
0.009 £0.049
0,072 0,048
10.128 =0.016
10.458 £0.018

0.174 %0.020

10.233 £0.024
10.207 =0.023

0.451 =0.028

1 0.421 %0.029
10,425 £0.027

™ -p

6.430 £0.640
3.470 =0.085
2,756 +0,081
2.379 £0,064
1,954 £0.077
1,444 £0,086
1.228 £0.096

. 0.833 £0,425

0.252 =0,455

+ 0.455 =0,226

0.471 £0.033
0.453 0,025
0.204 £0.027

0,343 20,024
0.648 £0.032 ~

0.676 0,039 -
0.820 £0.045

0,797 £0.050
©0.650 0,059
' 0.763 0,064
0,755 £0.,058




Table IX. Coefficients of powers of cos® ) ( 1r+—p).

Pion kinetic enérgy in lab system (MeV)

340

_[su “

370 C 440 ' 450 490 550 © . - 600 650

1.958+0.051
" 4,697+0.253

p o P
- o

e o

0.297+0.644
.-0.71920,754

8.9250.472

1,256£0,031 0.90520.036 0,691£0,026 0.55440,034 0.412£0,017 0,312%0,015 0.20740,022 '

3,968+0,140 3.558+0,167 3.038+0,418 2.69240,138 1.988+0,068 4,54620,060 1.492£0.070
5.670£0.209 5.112:+0.218 4,260+0.147 3.774£0.171 2.960%0,088 2.4460.087 2.348%0.118
0.193+0,416 0.249+0.458 0.305+0.329 -0.0220.353 0.053+0.162 0.04440.144 -0.102+0,168

~0.314:0,440 .0.871+0,485 -0,8800,334 4,280%0,362 -1,272+0.171 ~4,234£0,158 ~1,440+0.494

a, C_oefficient's

-92.‘ .
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Table X. Coefficients of powers of cosG*(n-_p),

- Coeffi-

Pion kinetic energy in lab system (MeV)

cients 370 410 450 490 550 600 650

2, © 0.5641£0.014 0.537£0.043 0.497:0.021 0.518+0.029 0,3470.029 0.343%0.024 0.27420,034
‘ £ 0.964£0.045 1,0920.045 1.316£0,092 1.501£0.445 1.718+0.112 2.039%0.094 1.374:0.121
5 1.07620,098 1.285+0,085 4,371+0.139 4.347+0.194 3.095:0,218 4.084x0.193 3.9140.263
a, -0.858+0.089 -0.786+0,404 -1.220+0.377 -1.425+0.469 -0.501+0,485 -0,041+0.405 0.332+0.523
2, -0.44920.426 -0.29040,134 0.080+0.233 0.624%0.352 0.138+0.390 -0.608+0.360 -1,0570.469
ag -- -- 0.460:0.364 0.773+0.495 0.117+0.558 0.439+0.482 0.847+0.609

A9y 08F3F-TYON
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i
a

© Table XI. Order of fit V), %grees of fréedom (d), and-
» - gopdness-of-fit (X /d)™/ = parameter at each energy--

..‘v..<-n' ...p)_ . ‘ e . S

Y
42 7 p.rss
13 70,793
T T O & £
14 I 1.054
15 . 1442
46 1,032 .
6 1077
46 1,438

4
oY

3410
370
- 410
450
490
550 .
600
650

A R N N N OGO




-29- UCRL-11480 Rev.

Table XII Ozrder of f1t (N) egrees of freedom (4), and
goodness-of-fit (x /d 1

parameter at each energy

(m -p). _
Energy _N 4 4 (Xz/d)i/z
370 4 13 0.994
410 4 14 1 0.911
450 5 13 1.124
490 5 14 1,301
550 5 15 1.158
600 5 15 0.878
1650 5 15 1,123
{

T e L T
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; V'I‘_abl.ei XI1I. 'I"‘.otal'elas'tic -cf_oss sections from in_tegrétion
: L of differential cross sections.

',-'Energy _ Tot el (MP) ST S
™ =P . hig -p

310 60.49 = 1.41 -

370 38.74 % 0,73 10,42 £0.17 .

410 30.59 % 0.66 11.40 £0.16

450 24.31 + 0.49 42,149 £0.26

490 ' 49.55 % 0.46 13.71 £0.35°

550 44,38 = 0.49 16.98 =0.37

600 11,06 = 0.18 . 19.87 20,34

650 8.82 % 0,22 ©47.19 £0.45

e et e 3= zomonss g

§ 2 v
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Table XIV. Breit-Wigner pa_ramete'rs ;saumeq for P33. D13’ |
and FiS rcesonanc:esf
TN S ——— — S
State Ep x=T,/T T
Pas 4238 | ‘ - 1.0 165
Dy3 1542 . : ] 0.8 : 140
Fﬂs | 1688 I c.9 ‘ . 100

B S S S
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at which the measurements of this experiment were made.

target are not drawn to scale.

- 40. Total elastic cross eections plotted vs pion energ}.'-
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 FIGURE CAPTIONS

4. Total cross'sections for 'ﬂ":k-"p, with lines indicating-the energies

2. Plan view of the experimen?al arrangement. Symbols Q,, B 1 -

B, and Q, represent magnets. - The beam counters are labeled

1A My Mg, and C. I‘he counters, BgO ’target...and LH,

2

3. Plan view of array of é'cintiﬁ.lation counters.

. 4. Differential cras':awsecti_en data and fitted curve for nt- Pi

¥

T_‘_: 340, 370, and 440 MeV. .

5. Differential cross-section data and fitted éurve for wt-p; o

T, = 450, 490, 550, 600, and 650 MeV. o S

. 6. Differential crosa- section data and fntted curve for 7" -p;

,T = 370, 410, 450, 490, and 550 MeV.

7. Differeptial crcas-aectiou_data} amd fitted curve for = -p;

'I"“r = 600 and 650 MaV. _ ‘
8, Coefficients of pcw‘ex.s of cos 6: plbttad ve .pi'oxi energy (w*’.p).
‘9. Coéfﬁcienﬁs of powers of cos 9* 'platted vs picn energy (v’-p)

The dashed Imes show . the hlghem-energy behavior as indice.ted by

the results of Helland et al. {reference 2a).

44. Circles showing the. locus of Bzeit-Wigner acattering amphtué@s

-

for three valuea of the pa.ra.meter % (where x = T‘ / I").

y"_‘Fig. 4;2. Assumed resonant behavior of the P33. Dyqs and F,p ampli;udes.
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Fig. 43. | As,aumea b@hévi@r of t%;e Sﬂ/Z’. Pi/Z’ and D, ¢ amplitudes.

Fig;. 44. Contribution to 24 fror;m lDé/ziz, and Sﬁ /éD3 /2 termso.

Fig. 45. Contribution to a, from |D3/2 ’.2 gnd Si/sz/Z terma.

.‘é:ig. 46. Contribution to a 4 fxom Dg /ZDS /vz. .term.

Fig. 47. Contribution to ag from PB/ZDS/Z a.nd D5/2F5/2 wrtﬁs. '

Fig. 48, Contribution to a, from pﬁ/ZDB/Z' P3/2D3/2. zm@ 1)5/25‘5/2 terms.

Fig. 49. Energy dependence of r~-p coefficients Bgr By By and Bqs By,
and Bgo uvaing the scaaﬁéying amplitudes in Fige. 42 and 413. The data
‘arc plotted again for comparison. A, this experiment; O, Helland

at al. (referencs 2a).

 Fig. 20. Predicted recoil-proton polarization at 523, 572, and 689 MaV.

- The data are those of Eandl (reference 24).
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

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

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








