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.ABSTRACT

The polariiation parameter in n'p elastic scattering has beén
meaéured‘dt eieveﬁ incident-pion momenta ranging froﬁ 600 tQ 3300 MeV/c.
:The negative‘pion.beam'was focuséd on a polarized protbn target and the
~scatt¢red pilon and recqil proton were detected iﬁ coincidence by counter
hodoscopés. .The polérization paraﬁeter was obtained from a measurement
of the difference in counting rates for the targét protons' spins parallei
and antiparallel to the normal to the SCattéring plane. An on-line
PDP-5 computer was used in the data encoding and transferred the informa-
tion onto magnetié tdpe for later computer analyéis. The results serve
to fill in some géps in previous experiments, Anvattempt to fit the new
data and pre#iously available data by means of a‘phase-shift analysis
for gnergies %elow 1650 Mev has been’successful in finding gdod.fitsv
to the data but has been unsuccessful in that no uhique solﬁtionvhas

lbeen demonstrated.

Work done under auspices of U. S. Atomic Energy Commission.

~
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I. 'INTRODUCTION

In recent years;'a considerable améunt of experimental.daté has»
been obtainéd for pion-nucleon scattering. As a résult)<substantial
bprogress'has beén échieved in esfaﬁlishing the(phenomenology of thevpion—
gucleon system. -

The observables in elastic piohénucleonAscattering'are‘the totai‘v
Ccross section, the differential croés section,‘the recoil-nucleon polari-
zation and the spin-rotation’parameters R and A; for each of the-three
commonly observed pfocesses:

‘ﬂ+ pon p

T poR P

x P > n .
Due to conservation of total isotopic spinf}n pion-nucleqﬁ interacfioné,
the scattering amplitudes fo£ these three ieactiqns_ére not independeht
and can be expressed as lineér combinations of two amplitudes corresponding'
to definite total isotopic spin T = 3/2 and T = 1/2.

The outstanding feature of the pion-nucleon system is.the occurrence
of reéonantvstates which appear as enhancements (or bumps)_in total cross

2-10

section measurements.--_ For kinetic energies below 300 MeV where.

inelastic.processes play a relatively minor role, several phase-shift

. analyses have been performed successfully and a unigue solution has been

found which has been well explained by the partidl-wave-disPersion re-
lations.l:L The ﬁain result of these analyses is that all the low?energy
phenomena in the pion—nucleon system are dominated by the well-known
resonance N* (1236) in the T = 3/2 and J = 3/2 étate, occurring at a

'kinetic energy of 195 MeV (total center-of-mass energy for the =n-N
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éystem = 1236 MeV). At‘energies above the threshold for inelastic

processes, the number‘of independent'pérameters becomes considerably
bigger; making it necessary to have a>véry largevnumbervAf experimental
"mdata in orderfto overcome the increased difficulty df the problemﬁ ‘For— : 3
tunately, extensive experimental results coming from differential—cross—r

' + 2~
section measurements for = p, 12-1h

15,16

angular distributions for charge-

exchange scattering, 11-19 yave

and recoil-nucleon pélarization,
recently become available. |
| With the help of these neﬁ data, severél groups of researchers
_have extended the phase-shift analysis of the pion-nucleon system to
,l GeV.eo"25 The result§lof these analyses have revealed a very complex
structure of resonances, many of which were not pfeviously known to
exist. The bumps observea in the totai cross—section measurements at 6QO
and 900 MeV, appeared tg be due to seveial’resonanées, in contrast
‘with the bump at 195 MeV which is explained by‘the presence of a single
resonance?-the N* (1236). | |
This experimenf and a simiiar experimenﬁnfor n+p scattering,2
were designed to complement éXiétihg data and provide additionél data
which could be used in refining the existing phase-shift solution and
extending it to higher enefgies. :Ih order that our measurements could
be used most efficiently, they were taken at incident momenta where
differential cross-section measurements already éxist. It is hoped .

' that the data taken at the higher momenta ( > 2 GeV/c) will help to _ N

establish the quantum numbers of the resonances for which there is

o

evidence in the total cross-section measurements in the momentum range

between 2 GeV/c and L GeV/c."
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II. ' EXPERIMENTAL METHOD AND FQUIPMENT
A. Procedure : ‘
In the interaction'of pioné with protons, the differential
_—ecross section depends on the state of,pélarization of the target pro-
 tonsf spins and a different scattered intensity can be obtained for
'.diffefépt initial state polarizatioﬁs.i This difference in counting
rate allows defining - an asymmetry whiéh is uniquely related to the
B éolafization parameter, P(O) . In the experiment reported‘here, a
beam of negati&e plons bf_selected'momentum was focused on a polarized
proton‘target-and the final-state particles were detected with a pair
of céunter hodoscopes, one above and one below the unscattered beam.
The differential cross section for scattering pions from a
proton -target of polarization 'ﬁi , is given by

I(9)>= Io(e)[l + P(e)ﬁ . fi] : (1T-1)

where 6 is thé-center-of mass scattering angle,
'Io(e) is the differential cross section from unpolarized
protons,
A . B : - —) -
n = ﬁi X ﬁf_ is the normal to the scattering plane (ki » Ko

are the pidn's-initial and final momenta in the center of mass .

system),
P(6) is the polarization paraméter.
" The asymmetry is then defined by o , o
. ' + - " ) .. )
(o) = I+(9 9% _p(e)p, (TI-2)
I*(0)+1 (9) - I

A‘/
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‘where I (9) and I (6) are the scattered intensities for PT

parallel and antiparallel to 1 5 respectively.

~Knowing the target polarization PT s & measurement. of the

- angular distribution of the asymmetry, e(9) , as the target protons'

spin direction was reversed, yielded the polarization parameter, P(6)

B, Pion Beam
A plan view of the beam,traneportAcomponents is giveﬂ“in Fig.'l.
The pions were produced in a copper target traversed by the Bevatron
:external proton beam (EPB). The EPB pulses were delivered every 6 sec,

each pulse being spread as uniformly as p0531ble over a time interval

of 0.8 sec. For an EPB pulse of 5 X lOll protons, the associated pion

5

beam pulses ranged from 4 x 10”7 to 1.3 X 106, depending upon'the momen-

tum selected; the maximum intensity was obtained at momenta near 1 Gevfo
and decreased slowly with increasing momentum.
The optical properties of the pion beam are schematieally shown

in Fig. 2, A first focus ,Fl in both horizontal and vertical plahes

was produced half-way between the quadrupole doublets Qé and Q3 .
Because of the momentum dispersion induced by the first two bending
magnets Mi and Mé , there was a continuous distribution of images

of the production target in the horizontal plane at the first focus,

~which was nearly recombined at the second focus,;Fe , by the action of

~

the bending'magnet M As shown in Fig. l,va.counter hodoscope,

5 *
having 3 overlapping counters Pl’ P2 » and P5' placed at the first
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Fig. 2. Beam optiecs
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- beam by the large magnetic field inside Pia.

. » -T=- v
focus, divided the momentum band (AP/P ~ & 3%) in' 5 smaller bands of

about * l% which were treated. separately in the analy51s of +he -data.

.The last quddrupole doublet, Qh’ focused the pion beam on the polarlzed

_target crystals, at F2 The- angular convergence of the pions on the

target was measured in both the horizontal and vertical planes by a pair

~ of counter hodoscopes, ¢ach having 3 counters, labelled;Xl, X2"X3 in

_ the horizontal plane and Yl, Y2, Y3 %n~the vertical plane.

In order to cover a large angular region in the center-of-mass
system, data were taken for both polarities of the polarized target
magnet, Pia. Tt was thus necessary to place a vertical bending magnet

immediately before. Pia to compensate for the deflection of the incident

The‘beam was transported in a vacuum up to the exit of Qh’ except
for a small distance at the first focus, Fl. The current settings of
the magnets Q3, M, and Qh were determined by wire-orbit measurements,

3

whereas those of the other magnets were varied to obtain the best beam

»ﬁrofiles. The latter were‘nearly Gaussian in shape, wifh their full-

width at half maximum of about 1.5 in. and 1 in. for the horizontal and

vertical profiles, respectively.

The preciee values of the mean pion lab momenta at which data

were taken were .596, .67L, .745, .820, .895, 1.155, 1.352, 1.988, 2.535,
'2.912, and 3.260 GeV/c, with an error estimated at 1/2%. These values

- were determined by'2 sets of wire-orbit measurements, one taken at the

beginning of the experiment, the other at the end. These 2 sets were

in excellent agreement and were also checked by time-of-flight measure-
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ments. .In addition, the energy of .the proton beam, obtained when the
polarity of all the magnets was reversed, was measured by a range
télescope, The incident momenta measured by these different methods were

all consistent with each other to within i%.'_

C. Polarized Target

A detailed description of the polarized proton target used in this

27

» experiment can be found in the review article by G. Shapiro, where
additional references are listed.”’ ! ‘ '
The target cogsisted df 6 crystais of LgeMg3(NO3)12-2h H,0 where
'a small percentage‘oflthe lanthanum had been replacedvby neodymium as
paramagnetic centers. The high polarization of the neodymium ions in
tﬁg 18.5 Kilogauss magnetic fiéld at. a temperature of 1.0° K was
" transferred to the free prétons of the,waﬁer of hydrafioh by_the.method‘
of dynamic nucleaf orientation; in which the crystals are irradiated with
microwave power of appropriate freqﬁency (70 GHz). The polarizatioﬁ of
the térget Qas reversed in sign about oﬁce every two hours during the
data taking periods; by changing the microwave>frequen§y by a vefy
small amount.> |
The detection of the polarization was done.by the techQ?que of
nuéleér magnetic resonance (MMR). The proton NMR signal at %8 Mc/sec
was repeatedly recorded (about once every 10 minutes) and later comparéd
with the NMR signals obtained whén no micfowave ra&iation waé éppiied to
the crystals (thermal equilibrium signal). The temperature Qf.the crystals
was measured while taking the thermal equilibrium signals. The fempera-r

ture and frequency measurements gave the absolute calibration of the
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polarizatidn of these sighals,_which isva known fﬁﬂctidn of temperature
for a given magnetic‘field. The averagé free‘pfoton polafization obtained
during the experiment Véé 50%. The'errors in théfeﬁaluation Qf the

~

_target polarizatiéh will be discussed in a later section.

D.i Counter Arrangement
The counter arrangemént uSéd:isfShowh-schematically in Fig. 3.

The incéming beam was defined 5y the P; X and Y hbdoscopes, mentioned

- in Section II-B. Anticoincidence counters were ﬁlaced tb the lefﬁ‘aﬁd;
right of the targeﬁ, as well as immédiately above and below 1it, leaving in
fronﬁ of the cryétélé'an'oben area slightly'bigger.thanvl_inch square.

_ These‘counters were used to eliminate a larée fraction of possiblé'eﬁents :
coming from interacfions in the walls of the cryostat and in.the liquid
helium surroﬁndiﬁg the crystals. They also provided a constant monitorihg'
- of the ho%izoﬁtal‘énd &eitical positions of phe beam while data wére
taken. Three addiiionai counters were.Qperated in aﬂticoincidence: - two
- of them, not shown in the figure, covered thé poie tips of the polarized
téfget magnet and the third, called'backup énticountef, counted thev

‘pions which had not been scattered in the targeﬁ. The counter D. (Down

a
:def;ning) was deéigned so as to be missed by pions in the beam, but to
- be traverséd by any particlé scattered-ffom the target into the lower
array of counters.

'The scatﬁéred pion'and recoil proton were deteéted by two éounter
hodoscopes,_as indicated in Fig. 3. Thevupper hodoscope éonsisted of 3

" arrays of counters and covered the lab angles between 0 and 45 degrees;

it had 30 6 counters, labelled "eup", which were overlapped so as to



produce a total of 56 bins. These bins defined the scattering angles
of the reaction. Similarly, the lower hodoscope consisted of 30 6

counters, labelled "0 n",vgiving a total of 59 bins which covered the

dow.
‘lab angleé from 34 to 128 degrees below fhe beam. In addition to the €

- counters, each hodoscope had overlapping stripe.counters placed behind
the 6 counters. These counters served to definé bins in the @ direction
of a s?herical coordinate system with'Z axis along the beam direction
and were used to apply cﬁplanarity requirements on the accepted‘events
(see Section“III),i The upper‘hddoscopé‘had lb stripe couﬁtérs, labelled -

"o ", giving 19 ¢ bins, whereas 6 counters, labelled "maown", defined -

up v
11 ¢ bins in the lower hodoécope.

The lengths gnd positions of the counters wére designed to cover
the full solid angle allowed‘by tﬂe éebarétion of the pole tips of Pia.
-Several factors were considered in the determination of the bin widths
in the counter hodoscopes: ‘mﬁltiple‘Coulomb scattering within the
crystals, the.fiﬁite size of the targét.(l” * 1" X 1.5"), the need for
suppressionvofvthe background due to scatterings from heavy elemenﬁs in.
the target, and the réquirement of éood angular resolution fof the
entire range of incident moﬁenta.- The two counter hodoscopes Werevleft'in

fixed poéitidns for all the beam momenta of this experiment. The upper

counter hodoscope was about 180 inches from the polarized target.
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E. Electronics

A block dlagram of the electronlcs is shown in TFig. M The

81gnals from the counters were fed into 10 Fast Loglc Boxes (FLB) where,
_after being discriminated, they were each split into two: one part was
stored in a long delay line (80 nsec), the other was_mixed and sent to
the fast trigger circuit. These signals were mixed so as to produce L
,‘ ' - . 1‘ .. . N ’ ‘

groups of outputs: the sum.oi all eup signals, the sum of al; edown’
the sum of all ¢ _ and the sum of all @ . These 4 signals were then

~ "up - down ' : v

used in the fast trigger circuitry to decide when there was an event

Qf interest. The'fast triggér.logic required a multifold coincidence
between the counters of the P, X, Y hodoscopes, Dd’ and éach of‘the L
outputs from the final—state hodqscopes. The various veto_cdunters,
mentioned in thevprevious'Secﬁion, were also part of tﬁe fast trigger
logic. Therefore, a,coincidencé ih the fast trigger circuit indicated
that a pion had‘interacted in the target to produce at least one.charged
particle mo&ing through’Da and the lower hqdoscope, and at legst one
Qharged particle traveréing the upper hodoscope. The resolving time

. of the fast triggerrwas 20 nsec.

When a trigger occurred, an intérrogate pulse was sent back to.
the fast logic boxes to open a gate at the end of thé delay liﬁes, thus
allowing the stored signals to set short memory flip-flops. At the
same time, the on-line PDP-5 computer was notified via the Data Break
Control unit, that an event had occurred. This evegt was then given
an address and stored in the core memory of the PDP-5 via the Qggé

Merger. One event consisted of & core words of 12 bits each, specifying

which counters had fired. As many as 128 such events could be stored in

., .
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Fig. 4. Electronics block diagram.
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the memory before it was full, at which time the information accumulated
was written_oh magnetic‘tape.

When'the computef was not busy storing_the raw‘data, it performed
various operations such as decoding the raw data ahd putting it in more
‘éompact form, - scaling the counts registered by eacﬁ of the indi%idual
bins and recording the number of invélid triggers. .The lattef weré of
two kinds, the hinvalid zero' which occurred when there was no signal
reaching the computef from.any of the required'counters (e.g., when no
eup counter recorded a pulse even though the eup éum signal was present)
and the‘"invalid > 1" which had more than one coincidence for a given
vtrigger. All this information was also written on magnetic tape. -

Thé PDP-5 also prepafed‘Summariés of the data that could be
displayed on an oscilloscope upon request by the experimenter. With the
help of these displays, any anomaly that might have occurred during the
data-taking periods could immediately be spotted and its cause investi-
'_ gated, before proceeding fufther with the accumulation of data..

Ai'the end of a running period (typically 15 minutes),’theAcontents
of various monitor scalers such aé the number of beam particles, the
number of counts in the léft, right, ﬁop and bottom veto counters, the
number of accidenfals etc . . . were written on the magnetic tape, aléng
witﬁ a number identifying the.”run" and comments made by the experimenter
via the teletype.- |

‘Typical tfigger rates afe listed in Table I. The number of."invalid
zeré"_e?énts was always small (less than 4%), but the "invalid > 1"
,events could go up to 25% at high incident energieé. These rejected

triggers did not depend on the beam rate and could be attributed to -

. owy

.-
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genuine multiparticle final states.

. Table I. Typical Trigger Rates

P b (GeV/e)

pions/pulse v triggers/pulse

TS5
1.352
2.535
3,260

6.5 X 10

| 1.34 X 10

8.5 x 10°

6.4 x10°

=
6

1h
Lo

, »

6h

3%

Invalid Invalid
Zero > 1
24, 18%
o 1.5% 15%
3% 22%
25%
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IIT. ANALYSIS

.A. 3Brief Outline

The analysis of the PDP-5 output tepes was done on & CDC466OQ

computer; Each event appeared on the PDP-5 tape as a sebt of 7»bin

numbers:

eup »  verying from 1 to 56
edown 5 ‘vaarying from 1 to 59 f
Pup ., “varying from 1 to'l9‘J 
Piown varying from 1 to ll.
P , . varying from 1 to 5 .
‘X‘ ?:  a,varying from i to 3

: Yy - vafying‘from ‘i to 3 ...

"~ The dimension of the coincidence matrix was thus .

56 X 59 X 19 X 1L X 5 X3 X 3 X =3 X 10/,

_Clearly; éuch 8 large number 6f degrees of fréedom'could not be.handled _

directly, even with the largest computers presently available, and 1t
was thus necessary to apply & reduction procedure. Constraints

imposed by the kineﬁatics of the reaction and coplanarlity require-

" ments were used to reduce this hugé matrix into two 56 X 30 6u -0

possible to obtain thé distribution of coincidences in each Gu

p ~ “down

coincidence matrices, one for the pion golng up and the other for

the pion going down. From each of these matrices, it was then

P



3Tl

i

e e - T,

-17_

bin as avfunction of @6 Oﬁ; bins and extract from it the elastlc events,

which were used in the calculation of the polarlzatlon parameter

B. Data Reduction

‘la Kinematics

A precise knowledge of the polarized target magnet field contours

allowed thevcalculation_of:the final-state particles' trajectorieé for

" elastic =n"p scattering. ‘Combined with accurate position measurements

for all the counters, these trajectories determined, for each Gu" bin,
its corresponding center-of-mass scat%ering angle and its conjugate
edown bin. As the final-state particles had opposite charge, the!

magnetic field of Pia provided a convénient kinematic separation between

elastic events where the scattered pion reached the upper or lower array

of counters. Therefore, for each incident momentum, two kinematiec tables

were constructed: one contained, for each eup bin, its cofresponding

- center -of -mass SCattering angle and predicted conjugate 6 - bin for

down

pions. g01ng up, and the other the same quantlties for plons going down.

The first step in the analysis was then to cla551fy all the

4

events according to whether the pion was going’up or down, This first

reduction was accomplished by restricting the range of edown bing

considered to 15 on either side of the predicted elastic scattering
bin for a given eup_ bin. The fact that the predicted bins for pilons
going up and down were always at»leastIBO bins apart, made this constraint |

unambiguous .
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2. Coplanarityrreqpirement

As parn of the pfocedure o reduce the size of -the coincidencé
matrix, we required that the momenta of the incident pion, the scattered
.pion and the recoil proton lie in the same plane. The incident pion &
momentum direction in the horizontal plane was determined by‘the X ' '4
hodoscope counters, as mentioned in Séction.II-B, whereas the eup and

'wup bins defined the momentum direction of the final-state particle

reaching the upper counter array. Then, for a given 6

down bin, the.

coplanarity constraint determined the corresponding ¢ bin in the lower
_ nounter array. In practice, due to the finite size of the bins and
ﬁarget, events were considered coplanar, if the final-state parﬁicle hit
the lower array within a small region (typically 2 to 4 bins) centered af the
® bin determined in the manner just déscribed. This method providéd a
v meéns of classifying the events in 2 categonies, coplanar and non-copldnar,
:thus eliminating the degréés of freedom corresponding to © o’ Qdown and X.

u

Aside from reducing the number of degrees of freedom, the copianarity
requirement was a majbf factor in removing a large fraction of the
background_coming from scattering on heavy elements in the target.
Actually,'the size of the coplana} stripe was chosén SO as to‘give a good
ratio. of events'from free protoné‘to background events without'rejgcting

a large fraction of free-proton events.

3. P and Y degrees of freedom

As was mentioned in Section II-B, the beam was analyzed into 5 momentum
bands of * 1% by the P counter hodoscope. A correction was introduced N
for the events occurring in the off-central-momentum .bands, which took -

this difference in incident momentum into account. This correction was
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evaluated by calculating, for a giVenveup bin, the change in the conju-

a

in incident momentum, aﬁd_then adjusting the edown bin number. of the

géte 6 own'bin number pfedicted by kinematics due to this difference
m«event-éonsidered'By this computed number. The modification so intro-
duced was very sméll, the biggest change in the:edown bin number never
exceeding 2 units. |

Similarly, the angular convergence of the beam in the verticél
v?lane, measured by the Y-countef hodbscope, wasvtakén into account
by a rotation of the events in thevvertical plane; but, in this case,
‘the rotétion affected bothifinal-state particles.. This correction
was also fairly small, amoﬁnting to a ma#imum of 3 units for the chénge
in 5in numﬁers.

The analysis prdceede@ by examining one event aﬁ a time and
applying to it fhe various constraints which successively eliﬁinatedvtﬁe
X{ wup’ Piown’ P and Y.degrees of freédom.: The events were then scaled
in their épproﬁriate element inybne of the two 56 X 30 euﬁ'_ o,
coincidence matrices (one for pion'going up; the other for pion going
down), which were subsequently usedvin.the final compﬁtation of the
‘polarization parameter. Typical distributions of counts obtained for
coplahar events‘afe shown in Fig. 5. They represent the coincidence
.rates in some of the eup bins as é.function of th§ edown bin number.
The elgstic scattering events on free protons stand out élearly above
the background of inelastic or quési~¢lastic scattering from bound protons
in the heavy elements of the target, despite thé fact that the free

protons in the target contribute only to 3% of the total weight of

e
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L. Background subtraction

The evaluation of the background under the eiastic peak was
~done by using events.Which did not saﬁisfy the coplanarityvrequirement.
The éelecfion of these evehts wa.s obtéined'under exactly the same '
conditions which prevailed in the choice of copiénar events, except
“that they were'requirédbﬁo"be non—cdplanara‘_Events chosen in tﬁis manner
were due to inelastic scattering and Quasi-elastic scattering from
bound pfotons which had a small transvéfse cdmponent of Fermi moméntﬁm,
As shown by the dashed lines'in Fig. 5, the”distribution bf these events
| matched that for éoplanar events in the reglons outside the elastié peak.
In order to verify the vaiidity of'this method of background subtractﬁﬁn,
data werevtaken,at some beam momenta Wiﬁh a dummy target which was
similar to the crystais in’eﬁery respect, except that it contained no
free protohs. Results obtainea with the dummy target were in complete
agreement with those frbm the noh-coplanar'eﬁents. |
A very serious background problem, discpvered»during the experiment,
was the election contaminaﬁion of the beam. Alﬁhough relatively small;
it was the cause of a very‘lafge background which obscured the elastic
pion-proton scattering. The electrons in the beam, when passing fhrough
the polarized térget q{ystals, emitted rédiation by bremsstrahlung; the
photons were subsequently converted in the tafget by prdduction of
electron-positron pairs with momenta parallel to the béam momentum.
The electron and positron were then each deflécted by the polarized
target magnet into the final-state hodoscopes. ‘These "events" had

good coplanarity and their rate was especially high for beam momerita,
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below 1 GeV/c. This "electron backgrbund".was eliminated by inserting
approximately one radiation léngth of_lead‘(l/h'inch) at the first

focus 6f the beam, immediétely in froh£ of the ‘P counter hodoscdpe. The
- energy loss of the pions in the lead was compénsated'by tuning -the
magnets iﬂ the firsf leg’éf the beam for a Siightly higher energy. The
data at.high momenta‘(2 GeV/c and higher) were not taken with lead |

in the beaﬁ.péth. Likeﬁisé, the.data for béckwafd angles (in the cente;-
of-mass system) at the lower incident momenta (below 900 MeV/e) did

: not -suffer from this "electron background", although no lead was used

for them.

i

P
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C. Caleulation of the Pblariéatioﬁ.Parameter X
In the pfevious secfién, i£ was'shown hqw thevraw data'ﬁere
reduced to év56 X 30-coincidenee'métrix. ‘FBach row bf this matrix’
.wrepresents a distribution§éf counts stch as those shown in Fig. 5.
After subtraction of_the background, the number of events in the
elastic peak can be uéed to detefmine!the asymmetry in pion-proton
scatterihg by compafing the contfibﬁtibn ﬁo this peék of events
obtaihed for poSitive.and‘ﬁegative'target polafization.(positiVe e
target polarization corfes%onds‘tq thé‘protons' sbins predominantly
aligned in the direction of the magnetic field).
Thé data. from a set of‘runs taken'uﬁder similar circumétances
(beam momentum,,accidental'rate, sign'of the polarized target‘magnetic
field) were analyzed together. Each run was monitored‘by the number'
of events in that run occuiring outsi@é fhe elastic peak fegions of
“the 56 X 30 matrix. The'backgrOund.was oﬁtained from the non-coplanar
events, normglized so that'their sum over the off-elasﬁic—peak regions
wouldvbé equal to the sum of c0plana: events in the same regions of
. the coiﬁcidence matrix., The monitor and background ﬁere verified to
be independént of the target polarization.
.Denoting by .Ni(e*) the number of counts for the ith run
recorded in the elastic peak for a given eup_ bin gorresponding to
the c.m., angle o , one can write f:om‘(iI-l) |

n(0) =a 16 [1 e p p69))vm, (zm)
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vhere -

M, = number of monltor counts durlng 1th run

o
—~
(Ol

%
~—r
i

v_unpolarlzed dlfferentlal cross section times the- SOlld
angle subtended by tne eup - bin- considered, normalized

© to unit monitor

P = algebraic value of the target polariZation during the
*

P(G ) = polarization parameter

Bi = contribution of the background counts in the elastic

peak during the 4th oy

The number of background counts is obtained from the number of non-
eoplanar events in the elastic peak, Di » normalized to the off-elastic

region of the matrix. The normalization factor: is then

72
FZ

where the sums over i 'and> J denote sums over all runs used for
coplanar and non-coplanaf'events, respectively; NE . indicates a sum

over the off-elaeticQPeakvregions. Then B can be written as

Y

B, =M, b =M R S B ~ (IIT-2)

i
2 M,
i

i
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vhere b  is the number of backgrbund counts. per unit monitor in the

elastic peak, and ‘;ETDJ -represents the sum of:non~coplanar events

EP

in the elastic peak during the jth run.

The monitor used for each run was the number of coplanar events

outside the elastic peak region,

M, = }jN;
1 4 1

From (III-1) the number of counts per unit monitor, Hy , due
to scattering from free protons, can be written

Ni—Bi x. T ok
H, = = Io(e ) L} + Dy P(e_)}.

i N&

This expression shows that Hi is & linear function of thevtarget

polarization,,pi . The method of least squares can now be used to
determine I, and P by minimizing the quantity
. | > »
J,=;ZE%_[Hi - Iy(1 + 1, P)] . (11I-3)

i

The factor M, 1is a weighting factor proportional to the effective

1

counting time during the 1tR run, The condition for e minimum of

J . is

ST - o .
BIO B(Id?7 :

(TIT-4)

: . ‘ ' %, -
From (III-4) the polarization parameter, P(8 ) , can be expressed.in

terms of the various counting rates and target polarizations. The.

details of the derivation are given in the Appendix.
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The polarization;parameter, P(e*); was calculated in'this
way for each bin in the upber hodoscope; -The_runs included in the
analysis at any one energy were selected for their similar experi-
. mentél cdnditions, the number of runs with positive_and negative
target polarization being ébout equal.

The center-of-mass scatteriﬁg angles»were calculated.by the
kinematics, as described in Section III-B; theiclosevagreement

between the predicted 6
- dow

v ﬁ bin éonjugate to a given eup bin and
the position of the elastic peak obtained experimentally Justifies.
complete confidence in our ﬁethod of calculation (see Fig. 5).

The target polarizatidn for eéch‘Tun was calculated from
the nuclear maghetic resonance signal taken during that run. The"
magnitude oflthis signal was compared ‘to the thermal equilibrium
‘signals,,which were taken ébout every 12 hours during the running
periods. Thé NMR signals were Qigitized.and recorded on paper tape
during tﬁe runs. Tﬁey were then reconstructed and analyzed on a
computer. In general, several NMR signals were taken on chart paper
during eéch 15 minute run, dnly one ér two of £hem'béing recorded on
paper tape. For the majority of the rﬁns,-the polarization calculated
from the'recérded NMR signal was a good measure of the average target
polarization for the duration of that run. The variation with time of
the magnitude of thebpolarization was small; its contribution to the
errors was included in the systematié error discussed in the néxt |

section.

7
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D. Errors
The. various conﬁfibutions to ﬁhe‘statistiCal error in the
polarization parameter have been exémined inlthé Appendix. The total-
vgtatistical errof-for each’ Qur »bin is determined by'the.étatistiéal
errors in the number of coPlanaf and background events in the elaétiéf-
ﬁeak, the number.of monitor counts.and the normalization ratio used
for the backgroﬁnd subtraction.
| In addition tot he statistical error, a_systématic error
common to all the data is due to the uncertainty in the evaluationfof 
the target learization. The target pblarizaﬁion is obtained from’
‘measureménts of the following quantities:
- (i) Magnitude of the NMR signal when the target is polarized,
(i) Magnitude of thethermal equilibrium signal,
(1ii) Temperature of the‘crystals while the thermal equiliﬁfium
signals are taken. |
The temperature of the qrystals dpring the thermal ¢quilibrium
slgnal was assumed to be the same as that of the surrounding_liquid
‘helium bath. The liQuid helium temperatﬁre wa.s obtaihed from a measure-
ment of tﬂe helium vapor pressure by meéns of é McLeod vacuum gavge.

Due to the high preclsion of this instrument it was estimated that the

>

error in temperature contributed a negligible amount to the total error.
The error in the measurement of the magnitude of the NMR signal

from a polarized. target is about 2%. An additional uncertainty of abou£

prg
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5% is 1ntroduced by the fact that the pOLarizatlon obtained from ‘the
NMR signal recorded during a run does not represent the true average .
polarlzatlon for the duratlon of that run (about 15 minutes).

_ The major contribution to the total error comes from thei
uncertainty in the evaluation_of fhe‘magnitude of the thermal eqﬁilii
brium signals. Because of a smaller signal-to-noise ratio, the measure-
ment error is of the order of 5%, as estimated from repeated measure-
ments of the same sighal; An additional uncertainty in the thermal
equilibrium signals is due to the lack of agreement between signals
.taken at differentvtimes during the experiment., This effect is believed
to be due to variations in time of the detection-system properties. The
size of this error is estimated at 5%. |

These systematlc errors were added in quadrature to glve a total
systematic error of'iB%,_to be applied to all the resuvlts given in the

next section.
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IV. RESULTS
The_polafizatiop parameter was calculaﬁed for each .eup binVin
the manner deécribed in Seetion III-CL eIn the final results presented
‘miniFigs. 6 thrqugh‘l6 and Tables II through‘XII,.the.poiarization'para~
meter was obtained by avereging over the reeults of several adjacent-
Gué. Eins (in’generall2_toih'bins), eachbbeing weighted by the square
of the inverse of its.statistical error. The errors.shqwn in the- figures
aed listed in the tables are statistical only and do not iﬁclude the Syste-
matic error discussed.in the previoushsecfion. |
The minimum differential'eros§ secfion for which the polarizafion
' parameter’could be measured was_approximaﬁely 50vﬁb/étr in the center?of-
mese system.v In order that the recoii‘proton could easiiy escape the
taréet and traverse the counter,hodoseope, it was required to have a
momentum. of at least 550 MéV/c, thus imbesing a lower limit ih momentum-
transfer for which polarization measurements were feasible.
Tt is werth mentioning ﬂhat a measurement of the pelarization
parameter in preton-proton scattering at 1390 Mev/e was performed using
the same detection apparatus as for the pion-proton scattering. The

28,29,20

results were in good agreement with previous measurements, thus

eertifying the valldity of the method used for the background subtrae-
tion and the calculation of the»target'polarization.
At those momenta for which previous measurements have been.

made, the agreement is good.l7’18’51
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Table IT. Polarization parameter P(6) in « p scattering. The error

AP(G) is statistical only and does not include the systema-

‘tic error discussed in Section ITI-D.

Plab='596 Gev/c"

“Tlab=.h72 q?v_,

E =1.431 GevV
cm

Cos 8
cm

-.666
-. 738
-.801
-.855:
~.901
-.936
-.960
-.978

516
538

.558
D75
589

600

-.607 .
.613

| P(o)

AP(6)

.28

.19
.23
.12
.09
.08
.08
11

v
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Fig. 6. Polarization in n p scattering for an incldent-pion
: ~ momentum of .596 GeV/c. The errors shown are statis-
“tical only and do not include the systematic error
discussed in Section III-D. The systematic error
corresponds to an uncertainty of 8 percent in the
target polarization. It results in an 8 percent
uncertainty in the scale sgainst which the polari-.
zation 1s measured. o ”
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Table IIT. Polarization parameter P(9) in % p scattering. The error .

AP(0) is statistical only and does not include the systema-

. tic error discussed in Section III-D.

P p=-6T1 Gevyh  Tlab=.5u5 GeV ‘Ecm=l.478 GeV ~
Cos 6, | -t ) P(6) -~ . Ap(e)
496 .185 -.62 .19
RN .20k -.6% S a1
+399 221 -85 11
BT 239 -89 .09
.289 261 -5 .10
.230 .283 ' -.82 - .10
AT7L .30k ' -.88 .09
.113 %26 -.71 P
05% LBy - Th 12
-.031 379 _=.61 1k
-26 a3 .20 oy
—ake A419 a5 .8
-.315 .83 .36 ’ .16
-.481 Skl 39 .25
i 622 =08, .08
~62 L6k -6 .08
-.823 .669 S-.08 | o7
-8k 688 .25 .07
-.916 .70% .23 .09
-.9kk R -.39 .12
-.966 702 o -.09 06
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Polarization in = p scattering for an incident-pion
momentum of 0.671 GeV/c. The errors shown are statis-
tical only and do not include the systematic error

- discussed in Section III-D. The systematic error corre-

sponds to an uncertainty of 8 percent in the target polari-
zation. Tt results in an 8 percent uncertainty in the scale.
against which the polarization is measured. : :
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Table IV. Polarization parameter P(0) in n p scattering. ‘Tre error
»AP(G) is statistical only and does not include the gystema-

tic error discussed in Section III-D.

P p,=-T45 Gev/e T, p=-618 GeV Ep=L-542 GeV
Cos 6, -t P(6) AP(6)
605 - .168 | -.37 B
.521 .20k -.535 11
RO | _ .222 o -.37 . ..08
A3 - Lelp .59 .07
T 265 -5k .07
51T . .29 -.58 C07
258 316 =7 .08
.198 L3k - .09
139 L uE66 .56 . .10
075 .393 -6 11
006 422 -0 .1k
-.067 ’ . 157 -5 ‘ ,.13
-.091 : a6k , -.30 ' i
-.155 . Jo1 .-07 .25
-.192 507 .27 LBk
-.239 - 527 %9 a6
-.513 | . .558 -.18 - 3k
- 412 .600 -0k .18
-2l .60k ‘ - .6k .28
- 479 L .31
-.538 " - 654 _ -6k ' 27
-, 725 ' 733 -.62 27
~TTH 755 -.92 12
-.833 .780 : -2 .12
-.883 .801 -.68 .15
-.921 817 b7 .21

-.958 ' .8%32 -.59 .25
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Polarization in n"p scattering for an incident-pion
momentum of 0.T45 GeV/b. The errors shown are statis-
tical only and do not include the systematic error
discussed in Section III-D. The systematic error:
corresponds to an uncertainty of 8 percent in the -
target polarization. It results in an 8 percent
uncertainty in the scale against which the polari-
zation is measured.
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Table V. Polarization parameter P(6) in n p scattering. The error
AP(G) is statistical only and does not include the systema-

tic error discussed in Section III-D.

Py g1, =-820 ceV/e T =692 GeV B,,=1.569 GeV

 Cos @ R p(e) AP(6)
STh o .207 \ -.09 . .13
528 229 -.27 1
488 U8 o2k .08
1439 S Le7e a2 0T
.380. 2301 -2k .08
.320 330 -.48 .08
259 . 359 -.25 . .08
199 | .389 o300 .10
1,139 ' 418 -.57 .1
.059 457 -.29 .11
- -.0k0 . 505 -.18 .16
-.10k .536 1.00 b2
- -.130 - 549 .39 .28
-.219 592 .80 .29
-.342 | .652 LW .25
- o7 ’ 692 .09 16
-l 699 S a8 -
-.505 731 =25 .22
-.548 - 752 L1 .15
-.620 787 -.%6 . .22
-.789 | 1,868 -.57 .09 -
846 .896 ' -.59 .07
-.893 .19 =57 0 .06
-.926 .935 -.68 .07
-.952 B -.695 .09

-.965 .95k - ~.65 .23
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Polarization in x"p scattering for an incident-pion
momentum of 0.820 Gev/b; The errors shown are statis-
tical only and do not include the systematic error

- discussed in Section ITI-D. The systematic error
corresponds to an uncertainty of 8 percent in the
target polarlzatlon. It results in an 8 percent
uncertainty in the scale against which the polari- .
zation is measured.
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Table VI. Polarization parameter P(8) in = p scattering. The error
AP(0) is statistical only and does not include the systema-

‘tic error discussed in Section ITI-D.-

Py .q,=-895 GeV/ec T, =766 Gev B, =1.612 GeV
Cos 6, -t r(e) AP(6)
.706 .161 .27 _ o
643 ‘ 195 » 16 1T
S5T1 | R .10 | .12
.526 ‘ .259 ' -.09 11
79 285 -.00 .09
21 ‘ 31T ~.20 : .09
360 .350 -.07 .10
299 | .38% o .09
23T Jar oo -.03 .10
176 | 150 Soh .12
104 490 =15 . 12
.00k - 545 L1k ‘ 1k

-.09k .598 .58 .21
-.215 . .66k o2 23
-.276 ' 698 Y32 | 1k
-.34%0 . | .T32 Y - .19
-.kho T8 43 - .10
-.509 825 L2 b
-.550 .88 .29 .09
-.631 .892 -.11 .09
-.707 933 .16 .19
-.T790 979 02 ' .11
-.820 ' 995 -8 .08
-.861 1.017 -27 .05
-.902 1.040 -.38 ; .05
-.933 1.057 -.51 .06

.956 _ 1.070 -.61 .10

S}
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Polarization in n p scattering for an incident-pion
momentum of 0.895 GeV/c. The errors shown are statls-
tical only and do not include the systematic error
discussed in Section IIT-D. The systematic error
corresponds to. an uncertainty of 8 percent in-the
target polarization. It results in an 8 percent
uncertalnty in the scale sgainst which the polar1-
zation is measured.
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Table VII. Polarization parameter P(8) in % p scattering. ~The error
AP(0) is‘statistiéal only and does not include the systema-

tic error discussed in Section III-~D.

Ppp= 1155 Gev/c Tléb=l.024 cev-. : E,,=1.756 CeV
Cos 6 -tf p(6) INLC)
796 156 =16 .20
5L 91 -.05 a2
.710 .202 o ar .12
67 f .270 27 .09
ISR .296 .18 .08 -

579 322 .2k .09
She .350 a7 .09
Jhog .38l .35 © .10
Lk | L6 .23 .12
380 A5 13T
315 520 =70 : .22
251 - .57k -1 .18

185 .62k -7 a6
090 . -~ 6% o -.99 .

- .01k T -.95 .10

-.048 802 -.97 S 59

-.095 838 -.86 7

-.127 o .86% - -.63 .22

-.256 ' .962 " -.55 .20

-.380 . 1.057 . =26 .18

-, b62 1.119 -.07 .21

-.534 1.175 -.07 7

-.605 - 1.229 .22 .13

-.648 1.262 -.0L .5
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Fig. ll.. Polarization in = p scattering for an incident-pion

momentum of 1.155 GeV/c. The errors shown are statis-~
tical only and do not include the systematic error
discussed in Section III-D. The systematic error
corresponds to an uncertainty of 8 percent in the
target polarization. It results in an 8 percent

" uncertainty in the scale against which the polari-

zation is measured.
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Table VIII. Polarization;parameter P(0) in n p scattering. The error
- ap(B) is statistical only and does not include  the systema-

tic érror discussed in Section ITII-D.

Py p= 1+352 Gev/c Ty zp= 1.220 GeV Een” 1.857 GeV
Cos 0 -t p(e) | , AP(6) 
- .831 .158 -.06 A7 )
L7700 .215 .09 .08
.729 - .25k .19 SR A
673 g .306 ” .23 .08
.638 .338 .27 .07
5% N L | ¢ .07
ks Jo8 .20 .08
L79 , - .her : .21 . .10
Jazo sk Lo 13
346 - 612 ~.27 .18
.279 O L6Th .58 .19
.213 CLT%6 -89 17 }
125 .819 .89 11 o
016 .21 21,16 .10
L..0u8 981 -1.03 .20
-.082 1013 ~.92 C.12
© =170 : D 1.095 -.Th 17
-.302 7 1.220 -.5% .18
-.hog © 1.319 R B .22
-85 - ~ 1.390 -.07 .19
-.559 | 1.460 ~.08 .8
-.6%1 | 1.527 . T [

-.695 1587 VS E 15
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Polarization in n-p scattering for an incident-pion
momentum of 1.352 GeV/é. _The errors shown are statis-
tical only and do not include the systematic error
discussed in Section ITI-D. The systematic error
corresponds to an uncertainty of 8 percent in the
target polarization. It results in an 8 percent _
uncertainty in the scale against which the polari-
zation is measured.
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Table IX. Polarization paremeter P(6) in = p scattering. The error
AP(0) is statistical only and does not include the systema-

tic error discussed in Section ITI-D.

Py ap=1-988 GeV/e T, =1.855 GeV, B = 2.15% GeV’
Cos 6, : -t . p(e) - AP()
B0 245 -5 .o
187 | 319 -.03 | o7
. 709 ' 438 .15 , .07
671 - 495 .13 .08

631 N oo
589 617 L6 a3
539 695 %5 15
485 o . .77L ‘ o1 T
29 -857 -301 ‘ .10
3Tk -9lll : -.26 .10

.518 o l,Oéu ' e23 09

.263 1.107 B o8

.208 . 1.189 ’550 ' 08

L1k6 1.28% a -;22 o . .07

058 1.415 '. L =30 _ - .07

.02k 1466 -he a1
-.028 1.545 O T .09
-.076 1.617 =63 ' 13
-.111 1.669 -.54 o
-.180 177k .92 , k.
-.284 £1.930 .99 | .27
=351 2.039 -9 .26
-.119 2.133 - .00k 58
Al 2

.210 - 335
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Fig. 13. Polarization in = p Scattering for an incident-pion
: " momentum of 1.988 GeV/E.»'The errors shown are statis-

tical only and do not include the systematic error
discussed in Section III-D. The systematic error
corresponds to an uncertainty of 8 percent in the
target polarization. It results in an 8 percent
uncertainty in the scale against which the polari-
zation is measured.
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Table X. Polarization pafameter P(6) 'in = p scatterihg The error
AP(G) is statistical only and does not include the systema-

tic error discussed 1n Section III-D

P p=2:535 GeV/e T, . =2.399 GeV  E_=2.380 GeV

Cos ft . ' P(Q) AP(8)
.89k 213 -.08 .1k
854 . .201 Rolojrd .09
.810 379 ~.11 12
.781 SN S .09 .13
709 82 .09 e
653 - 693 . .21 22
59K . .82 -.55 o .21
.522 957 -89 .18
M2 1115 -.90 LY
362 - lL.et5 0 -.60 1L
.283 1.435 -.5k J1
.20%  1.501 -.21 | 11
121 1.757 -.19 .13
,097 1.806 .22 .16
.003 S L9k .09 2k

L.o12 2,025 .16 C .20
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Fig. 14, Polarization in.x"p scattering for an incident-pion

momentum of 2.535 GeV/b. The errors shown are statis-
tical only and do not include the systematic error '
discussed in Section III-D. The systematic error
corresponds to an uncertainty of 8 percent in the
target polarization. It results in an 8 percent
uncertainty in the scale against which the polari-
zation is measured.
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Table XI. Polarization parameter P(6) in % p scattering. The error

AP(0) is statistical only and does not include the systema-

tic error discussed in Section III-D.

P gp=2:912 GeV/ec Ty, =2.776 GeV B =2.52k GeV
Cos ecm -t - P(e) |  ap(0)
909 - 21k -2 : .10
.869 ' 306 .11 .07
B34 3% S.06 o8
-795 481 05 o8
722 - ‘ 651 .28 o 5
679 752 ~e7 a5
619 B9k .27 1T
Nops 1.054 o | .15
469 1.245 -.69 1k
.385 1.hk2 - .78 o
502 . 1.6%8 -5 | .21

219 - 1.831 .89 23

139 2.019 .39 A2
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Polarization in n p scattering for an incident-pion
momentum of 2.912 GeV/E.. The errors shown are statis-
tical only and do not include the systematic error
discussed in Section III-D. The systematic error .
corresponds to an uncertainty of 8 percent in the -
target polarization. It results in an 8 percent
uncertainty in the scale against which the polari-
zation is measured.
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Table XII. Polarlzatlon parameter P(6) in n p scattering. The error
AP(G) is statistical only and does not include the systema-

' tic error dlscussed in Seétlon ITI-D.

P gp= 3-260 GeV/e T .= 3.123 Ge?"‘ E_= 2.650 GeV
Cos 6 -t p(e) - AP(B)
.91k : .230 =17 | .10
873 337 ~.0k ' .08
827 6o -0k .07
.785 , 572 1 .03 B &
.705 L7185 L1k ' © .15
L6l | 949 AT At
578 ' 1.125 -.62 17
ko8 1.338 .70 15
RA 1.569 =77 : A7
324 1.802 -.82 B -

.238 2,031 - -3 R
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Polarization in x-p scattering for an incident-pion
momentum of %.260 GeV/c. The errors shown are statis-
tical only and do not include the systematic error
discussed in Section III-D. The systematic error
corresponds to an uncertainty of 8 percent in the
target polarization. It results in an 8 percent
uncertainty in the scale against which the polari-
zation is measured. B
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V. DISCUSSION OF THE RESULTS
With the help of the polarlzatlon results presented in the prev1ous

section and the other avallable data on the N system referred to ' in the |
,wIntroduction, we have condUcted a fairiy extensive phase-shift analysis
.at several energies ranginé from 490 to 1050 MeV. However, the prélimin-
afy state of this aneiysis"does not eliow us to draw very definite conclu-
siens from the results:obteined s0O faf; so that only the general féatures
and difficulties encoﬁntered will be discussed here. Before doing’this,
ﬁe will summarize the-basie equations tMsed in the phenomenological—analy-

sis of the pion-nucleon scattering. l

o iz ' 0
' A. Formalism
The scattefing of a $pinless particle (pion) by a spin-l/é particle
(nucleon) is conveniently described Bj‘a scattering matrix M(Q*,k) , which
can be expfessed-in the form52 | a
(6™ k) = £(6" 1) glo”x)3-1 (v-1)
where 6* and k are the center-of-mass scattering engle and momentum,
respectively, a ‘is-the.normal to the scattering plane es defined in
Section II-A, g(cx,dy,cz) are the Paﬁli spin matrices operating on
the spinors of the nﬁcleons; and f(efk) and g(e*,k) are the non-
spin-flip amplltude and the spin- fllp amplltude, respectlvely Each
of. the three elastic processes
a4 p - x4 P
R p-n +P

- o)
T +p-xw +n,
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is described by the three scattering'matrices’_M#., M_ and JMb

respectively. The charge-independencerproperty of strong interactions

relates the amplitudes'fonfthese reacﬁions, so that all experimental .

: ‘ _ ' o *
- observables can be expressed in terms of two amplitudes. M?(e ,k) for

each value of the total isotopic spin:' T=1/2 and T=3/2 . Each matrix

L% ' ; * *
M?(G ;k) is expressible in terms of amplitudes fT(G ,k) and gT(Q ,k)

. as in Eq. V-1. Therefore,ifoﬁr indepéndent amplitudes are required to

describe the elastic ml scattering. A summary of the results 1s given

in Table XIII.

Table XIII: Scattering amplitudes for pion-nucleon scattering

)
[4

Process A , Amplitude

.._n:Y++P"’3T++p ’ M+ = f+ + g+§.ﬁ = MB/ 2
= 5/2 - _ 5/2 -
f+-—,f 8, = 8
)apeaTap | M=t +g 3R =3 v + % /2
. 132, 2.1/
f = 3 £ + %
_1 3/2 2 1/2
&_ 3 g + 5 € .
n-+p»ﬂ0+n MO = fo + gég>ﬁ =€§'(M3/2 M;/é)
VB, 32 1/2
fo -3 (£ - £77)
V2 1/2
8, =5 (&7 - )
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The experimentally measured quantities are:

. | i ) o ot i?
‘Differential cross section: io = }f]g + lgl2 (v-2)

> Re(£¥g)
- A “~
P:Pn_-:___?____g__—n

Polarization parameter: ) )
, _ 1£1° + |el

(v-3)

where the appropriéte subséripts (+,?,o) have been omitted. The t&ol v
additional parameters, R and A, are lipeér combinations of thék I, -
expressions (|f|2-[g]2) and Im(f*gj . In Qfder to measure these
parameters,'it is necéssary to make a-double écattering experiment with
the first target polarized in the plaﬁe of the first scattering. No
such target has been’develbped until ﬁéw, so that, at the pfesentiﬁime,

'the available experimental’informatibﬁ comes from total cross-sectioné,

differential cross-sections and polarization measurements.

The amplitudes fT‘ and gT of Table XIIT can further be expressed

in terms Qf'partial-wavé amplitudes iA the following way: v

m, * ._-]; [ T U\ ] ¥ _
HOFORE: ) [es)e], + 5 5] ], (cose™) (V-1)

/
* ap,( 9*)
: : cos
* i si 2
gT(e k) = 1 sin6 (fT _ L } _— (vV-5)
k 2+ - /
7 d cos@ _

where the Pz's ‘are Legendre polynomials and f£+

wave amplitudes for orbital angular momentum £ , total angular momen-

are the partial-.

tum J =24 ¢ % and total isotopic spin T . The partial-wave ampli-~

tudes fgi are complex functions of energy (or momentum) and are conveni-

‘ently parametrized in terms of phase-~shifts 8§+

and absorption para-

meters n§+ as : o o _ ' .
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’r

orbital angular momentum; for eXampie;'

“the experiﬁental data.

O |
v LY, '
nT e - =1
T Lx ' ' . (£ .
e =TI . (v-6)
In_the’following, we shallfuse the usuhl notation L ., for the!’

272

“partial-wave amplitudes, where I is the spectroscopic symbol for g

S5y 1s the amplitude with''

. Using Eqs. V-2 through V-6, the various

-

- 3 .1
£=0,T=5,and J = 59
observables can be expressed in terms of phase-shifts and absorption

parameters, which are a cofivenient set of parameters for analyzing-

i : ¢

~B.! Phase-ghift Analyses o LK

The phase-shift‘analy%is of the pibn-nucleon-system has been’ extended
to.l GeV by Bafeyre et al.gp and't0'1.5 GeV by Donnachiehet al.22 The
ahalysis of-Bareyre ét al. "proceeded by performing random searches'at’
each energy, assuming né spécific energy dependence for the various
amélitudes. They includéd S ,P, D, and T waves in their fits,
except at 950 MeV and 990 MeV where G waves were added. By starfing
the analysis from the lower .energy region where a unique solutibn exists
and requiring a smooth behaviour with énergy of the various waves as the
ahalysis was.extended to higher energy, they were able to find one continu-
ous éolution whose main characteristic was the appearance of a complex
structure of resonances at énergies in the vicinitybof 600 MeV and
900 MeV where bumps have been observed in total crogs-section measuréa:'

P

ments., Thelr resulting solution indicates that the waves Sll » Pyq



i

56k

and D,, have a resonant behaviour arbund T = 600 MeV and that'four

13
waves are resonafing in thé neighborhood of Tﬂ_= 900 MeV: Sll.: Dl5 s
Fis5 and--sal . The phasé-shiff analysis of Donnachie et al. makes'
use of partial-wave dispersion relatiéhs constraints for thé-small
amplitudes (1argé £) while' 'the large partial waves are fitt_ed without- |
restriction. In the energy range up to 600 MeV, there is good agféel‘
ment beﬂween the phasefshift solutionslobtained by theée two groups,
but, above 600 MeV, only the behaviouf‘of the higher partial waves- seems

reasonably unigque and no sét'ofiphaseﬁ%hifts can be considered firmly

‘established, even though there is qualitative agreement between the

various proposed solutions: I -

In an attempt to resdlve thesé ambiguities and with the hope: of
establishing a unique solution in fhe.%nergy region above 600 MeV,.we
made independént searches &t 14 energies from T = 490 MeV to Tﬁ?= 1050 MeV,
with intervals betweenAsuCCessive energies of about 50 MeV. In addition |
to the differenﬁial crosé-séction and polarizafion data referred to ih.
thevIntroduction, we have used in our séarches the new polarization
data presented here aﬁd in Reference 2§.v The real and imaginary parts
of the forward amplitude{'as calculated in Ref. 33, wére also included
as data points to be'fitted. A normalization factor for each experi-
ment was included as a parameter to be‘varied in the searches. TFor

each energy, a starting set of phase-shifts was selected at random

"within a region in the parameter space extending on both sides of the

solution given by Donnachie et al. For each wave, this starting region
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spanned intervalsvfrom 60‘#0'106 degrees for the phases-and from 32 ﬁe
.8 for the absofption paraﬁeters, theyiargest ffeedom being givenito;l
| the lower partial waves. We included S , P,D,F and G waveerin
~ail our searches. The random set of phase -shifts was then varied. 1n.:

order to minimize the total cblsqdare of the experimental data deflned

by |
x2 : Z[Qcalcv _ QeXP]
' ' 205%P
vhere QTP and Qcalc are the experimental and calculated valuée of

the observable Q , respectively, andi AQeXP' is the experimental‘-uncer-
tainty in the_meaeﬁred value of Q The summatioe is over all eiperi-
. mental points;b When a relative minimim of the _X2 was reaehed, %he’
correeﬁondingdnew set of phase-s hlfts wa.s then used as a startlng “point
for a new search’with a mofe strlngent convergence criterion for the
XEV.‘ This procedure was repeated many times, in general about 40 tlhes
vpef energy. In this way, we obtained’at each energy several dlfferent
sets of phase-shifts, all with values of the X2 very close to each
other and giving a good fit of the experimentai data. Many of these
.solutions could not be rejected, eithef by the requirement of feason-
able cont1nu1ty with energy or by the statistical criterion of thelr

X2 values. The dlfferences between the various acceptable solutions

at each energy are mainly conflned to the S and P waves, while the
ﬁigher waves are reasonably well defiﬁedvand agree with'those of Bereyre_
et al. and Donnachie et al: In addition,.we performedrsearches ueing’

'

Bareyre's solution as a starting peint and obtained a resulting solution-
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which at some~energies differed ap?reéiably from the original set:. This
is not surprising since we included new polarization data and used G '
waves in our fits. Already at 650 MeV, the influence of the G waves
,Qis not negligible, as most of our possible solutions have the G-wave
phase small, but non-zero. TUndoubtedly, the presence of G-véves is a -
major factor in increasing the number of possible solutions, which
cannot be reduced to a unigue set by continuity.

It is therefore unlike;y that ‘b unique.solution can be foﬁnd
with the aﬁount of data présently available, without making use of'
 theoretical information such as partial-wave dispersion relations, _.
but even in that case the work of Donnachie et al. indicates that thé‘
remaining ambiguities cannot be resolved, eSpecially those in Sii

and P . Many~of‘the solutions that we have obtained have radi-

11
cally different predictions for the charge-exchange polarization
parameter, for which there is no measurement at the present time.
With the help of charge-exéhahge polarization data, when they become
aﬁailable, and more precise information on inelastic processes, it :

.is- 1likely that a unique solution will be established for pion-nucleon

scattering.

[
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APPENDIX

In secfion III-C, we obtailned the least squares fit éonditions:

(a-2)

(a-2)

: 7 g o
. T— — S:- .=
CIOV u,Ll |
where : . . -
' 1 — 2
J =1Z M, E{i = (I, + I, pi)]
and ) 5 - N, - B
;=
Mi
I, = IpF
B, = bMio

From (A-1), one gets

— S v - . ) . . 2
Z, (w, - B,)p, - Ioz My by = LF Z Mg Py
1 ‘ z A
.—ﬂ | R . : . . )
Z (Ni-Bi)—IOLMi-_-IOPzMipi:O

1 1 ,
Solving for P, this yields '

Z(N 'B)pi-<pfv>‘>—l(Ni-Bi).A

JA§

and

<p>> MH—<p>y M.p,
J i 1

>MP¢

where :
<p>=
—
ZZ; Mi
7

(A-3)

(A-4)

o



=

and o v - ,
: 2 . . .
SR T s

.Defining a new wvariable,. 9y by
= ‘ | e < >

(A-3) becbmes :

!

), My = B g
P= - ' e
- }“ <o >” .
< q / .. (N{ " B{) - Y s (N‘i = B{) qi
ot -
which can be written . 5
11 -€e<p> S o
where ' . y P
) - B g
- ,

i
z Ny S R |
_ 1 ' _— (A-T)
< q> / Ni-R->,Dj '
T 7

R is the ratio of coplanar to background counts in the off-elastic

peek regions, as defined in-section III-C, and DJ is the number of

backgi-qund counts in the elastic peak during the J:G-E run.
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The statistical error in P is exﬁressed by

[AP] - 'A‘J [EZ‘?’S % o oo

The second term of this expression is .wvery small, as can be easily : | ot

verified, and its contribuﬁion~can be neglected in the calculation

of AP, Then

with

1)

2)

AP = 1 Ae

[1-<p> €

_ \2A 37 2 |

1 o
Be | 2 2

+ A(ZD )\\ ‘ o+
(ZDJ) >f Qa My )

‘T 2 .2
AN .
+ >J 5pi pi/
v 1 ‘ ‘

ANi is the statistical uncertainty of the coplanar counts in -

the elastic peak: ANi = \fg;;
OR 1s the error in R due to the statistical uncertainty in
the number of events in the off-elastic peak regions, used

in the normalization of the background counts:

AR

I
ot It B el
1 |ED
e &
\5“,n’”wﬂm\\ué)
R
J =
“2
+
>~
ﬁ[j\/] -
Q_‘U

P



Ty

3)

k)

5)

, P
s 1 - R

: Y '65i"' ) . v
A(z Dj) is the statistical error due to the background counts,
J . o ; , ) . . )

Dj’ in the elastic peaké .

o g s

(J J)' J7J
AM{ 1s the error in the number of monitor counts:

ae, =\,

Api ‘ds the ‘error in the target'pqlarization for the iEE run.
This error 1s due to random fluctﬁations of the'target polariza-
tion caused by changes in the polarization detecfion system or
fluctuations of the magnétic.fieldfand microwave power sent to

the cerystals. This error was estimated to be smell and was

included in the systematic error.
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