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.ABSTRACT
D1fferent1a1 cross sectzons for the elastic sca.ttermr* of positive pi
mesons by protons were measured at the Bcrkeley Bevatron at pion labora- |
tory kinetic energies between 500 and 1600 MeV. .'E’xfty scintillation countera
| and a matnx comc1dence system were used to 1dent1fy mcornng pxons a.nd
detect .the rec‘olll p:oton and pion compamons, Resul‘cs were_flt‘ted w1th a

- power series in the cosine of the center-of-mass scattering angle, and total

- elastic cross sectidﬁs were obtained by integrating under the fitted curves.

The,co_ef:"c'icientAs‘fof the cosine I'se'ries a.rev displayed, pl'otf:ed vé ‘the laboratory
kinetic enézf'gy of the pion. The most sériking i’eé.tui’es of these curves are

" the large positive value of the coefficient of cos® 6™, andi_the large n.egativé.
value of the coefficient of cos4 6™, both of whi‘ch"m‘aximize in ghg'vicinity.of_ :
‘the 1350-MeV peak-in the ‘total cross sectionv " ‘These 1.'.es'u1ts indicate thatwl.,
~the most predommant state contmbutmo to the scattering at the 1350- MeV
peak has total anaula.r momentum J = 7/2, since the coeffzc1enis for terms .

: vabove c056 0" are neghgxble at this energy. One p0331b1e explanatxon is that. "
'.tne 1350‘-MeV peak }1,.5 thg result of an F7./2 ..resonanc‘élyingo_n £he same B

Regge-pole trajectory as the (3/2,3/2) resonance near 195 MeV.
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I. INTRODUCTION

‘This eﬁperirﬁ;eﬁt constitutes a portion of an exfet}s'ive istudy of t}.xe‘ '
phenomenology of the W;N_interactiqn in.the energy reg‘ivon ab.o‘ve thé well-
kno#yri (3/2, 3/2) P occﬁrring af.tﬁe pion kinetic energy of 195 MeV
(= 1236 MeV‘total c. m. energy for the w-N system). The features of out-
standing interest axe indicated by the cross-section variations displayed in
Fig. 1, based on-‘lmea;;suvrements by several experimental groupﬂ.1

Avrp.'ea‘;s'ureme’nt of the w~-p differential cross sections has been ré-_
ported Ey this _same.rese;arch group.z The 'energi.es choéen for the present .
at -p measurements, in which only the 3/2 state 'of_ivsot_c-)pic; spih appears,
agreed with those ofxour'ﬂ'"-p work so as to assist in‘.t'he‘ decomposition 6f
that ida‘ca into its 3/2 and 1/2 isotqpic-épin-state éoﬁ_xpoﬁents. .

‘The present experiment is fur.the rmore iﬁtended to supply daté. nec-
essary for the characte.rizatio;x of tl';e intera;:tion in the regioﬁ of the broad
péak in the 1T+~p cross sec;ion observed at abéut 1350 MeV pion energy;

(1920 MeV tbtal_c..m. energy), and in the ''shoulder' on .thle iow-enelrg.y side
of the p‘eék. The .sho;zlder is tentatively considered to i%;gli'czgic? thé‘rbnaxi—
mizing of a partial‘crdss-section contributicn at about 850 MeV-

| Althoﬁgh éonsiderable work has been done in the study of @ -p scat-
' tering, léss has been done on 1r+-p scattéring in this energ*}} range. Several
bubble ‘—chamber‘experiments: have been perfbrmed within the past fevyl yeafé : |
to measure the ﬂ'+‘-p' differential cross éeétions (d c.s.). Bidan et.al. .
using the Saclay propane bubble chémber, measured the d.c.s. at 1000
MeV.sa. Barloutaud et al., using the Saclay ﬁydrogen bubble chamber,
‘measured vth'e d. c. s.. at 820, 900, and 1050 MeV.3b Kopp et al., using a
' hydrogen bubblé chamb.er at the Brockhaven COSmotrdn. measured the d. c. s.

3¢

at_y990‘MeV. Roe ll'ig and Glaser, using a propane bubble chamber at
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3d

Michigan, measured the d. c.s. at 1100 MeV. (This work is also discussed .

invreference 3e.) Willis, using a hydrogen bubblé éhafnber at Brookhaven,
measured the d. c. s at 500 MeV. 3¢ In most of these exﬁaériments the. Tn'+-p
d.c.s. is based on 200 to 1200 events per energy.

It may be desirablé to characterize the Tm-p scatte ring in terms of
phase shi_fts.' However, with only the differential elastic, total elastic, and .
fota.l .Cross sectioﬁs available, it is‘“‘impossible-in principle to determine all
 the phaég shifté, .because the existence of nonela‘stic processes causes ’chem'
to be complex. and thus dou.bles the numbér of parameters to be determined.
It is ne.cess'ary to provide the further constraints of polarization data for i:he
recoil protons, and differential elé.stic charge-exchange érogg éections in the
T ep case, before any reasonable expectation of'phasé—shift d.etermin‘ativon‘s
can, bieventertained. Such measurements afe iﬁ fact in pxqgress;. An ex-
| teziéive phase-£&nift search program has been devélopéq ‘by Cenée forbdigita.l

computatibh of phiase-shift sets.‘4 R

Even short of: édmplete knowledge of the phase shifts it rhay' be possible

to qualitatively distinguish between cross-section péaks due to a state in
resonance superimposed upon a non:;'esonant background, and a peak which
may be the result of a rapidly inéreasing inela‘stic cross_'section‘rising to -
the limit imposed by unitarity. A form of this latter mechanisrﬁ has been
'pro;;OSed by _Bailland Frazer.5

o Since all strong interactions ‘a..fe tenta.t.ively beli_eved to be Afel'ated, a
thorough knowledge of the w-p interaction should be helpfu'l in achieving
' unde'rstanding. of the ~phenof‘nena obs‘erved‘ in the K-N and Tr—h?peron systems.
Our.first effort is to idéntify quaﬁtuin nurhbe‘rs for the 'inte'i'a:ctibns» con-

tributiﬁg to the phenomena indicated by“ the cross-section vé'riatiéns. -
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Il. EXPERIMENTAL METHOD AND EQUIPMENT.

'~ A. Experimental Method

g

A béafn of positive pions of sélected m.o‘mevntﬁ'm was focused with
small angular cOnve.rgence on a 1iquid—hydrogén (LI—IZ) target. T'he'differ-‘",
ential créss‘ sections for the elastic scattéririg 6f the pions were measured
by detecting the scattere_& pions. and their companion recoil protons in the
proper time relationship with the incident pions. Scintillation ;:ounte‘rs in

The detection of inelasfic scatteﬂng. events 1n :‘i;.he elas’cic-scattef.‘ing‘
channels was m‘in.imizevd by the geometrical restrictions of related pion a‘nd. |
proton counters. Tlﬁs‘ method wa.é used rathér than ‘cine involving Cerenkov
counters, or range telescopes, etc., because it accomphshed its purpose
adequately and it avoided the difficult corrections due to Cerenkov- counter
meffxmencws, or. scattermg in a range, telescope. which must be apphed when
using those methods. A sampiiﬁg of th&;., inelastic scattering was taken in

several counter pairs not elaétically related, in order to correct the elastic

data for inelastic events. This is exzplained in more detail in Sec. IIi. B,

along with other.corrections. Differential cross sections at lab pion scattei‘-
ing angles smaller than about 20 deg could not be measured, becauéé for those
events the recoil 'préton did not have enough energy to reach the proton de~
tectors anti be counted. o |

The precise values of the pion lab kinetic energies at the scaitering

| target were 533,. 581, 698, 873, 990, 1341, and '1555 MeV, és determined

by weighted means of values obtained from wire-orbit measurements, time- '

of-flight measurements, gas-Cerenkov-counter pressure curves, velocity -
spectrometer data, and beam-focusing data. The wire-orbit and time-of-

flight measurementa were of course given pr1nc1pa1 weight.
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A plan view of the beam transport components is giVen in F1g 2, which’

also indicates the' posxtlons of the beam momtor counters M MZ and M3.

19
The purpose of the velocity spectrometer {cr sele_ctor) was to suppress the
proton component of the beam. The muon and electroh beam 'cbntamination

was measured at various energies by a gas Cerenkov counter.

B, Pion Source, Beé,m Design, and Hydrogen Target

The pions were produced in a ceramic target of aluminum oxide tra~
versed by the Bevatron proton beam. It was desirable to achieve high nucleon

density-=but low nuclear mass number~in such'a target in order to maximize

the effective pion-producing nucleon collisions. Also a low atomic number was
: © : o ' -

desired.here so as to suppress the positron corxtanf;inatién of the pion beam
de‘r‘i\}-ingi fr‘om_ w° .produ_ction and decay with subsequent conversion of the
decay photons in the target materi;zl. The AlZOS, fabrlcated with a densﬁcy
of about 4 g/cm3, was a sultable cornprormse of these reqmre“nents. . It wasg
of such a size as to constitute an -"ob_;ect” 1/2 in. wide and 1/8-.1n.. hxgh as’
viewed By the pion beam optical system. The;_pfoton b’eaha‘ path through the
target was about 1 in. in length, due to the obhque orientation of the ceramic
bar relative to the proton beam.

The proton beam pulses, typically of about 10 protons, were delivered
ten times per minute, each pulse being spread as uniformly as possible o;/er
a time inte’rval of 0.2 sec. The associated pio;i beam pulses. ranged from -
404 t;) 3X 104',_ depending upon the moment.urh selected. |

T‘hé pion beam dvesign.is‘ sche.fhatically.-shown in Fig. 3. A fdcué' in
both horizontal and vértical planes was pfoduced at the slit. In the hérizonﬁél
pla.ne there was a contmuous d1str1but10n of 1mages of the Bevatron target |
because of the momentum dispersion induced by the fn:st bending magnet.

The slit, designed of thlck copper bars, selected a momentum band of = ,v
which was nearly recomb_ined at the final image posi__tiqn by‘th_e‘ a_ction of the

second bending-magnet.
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In additioﬁ fo selecting the momentum band by horizontal definition
of the beam, the s"].it-};)y its 'vertic._al definition-—éervéd %o. remoi/_e the protons
that were deflected downward by the ve19,¢ity selector.to ar; image position ‘.
bélow tline‘ beam axis, as shown in Fig. 3. : Use of the Veldci.t}.r seléctoi‘ redu'ced'”‘:
the profon/pion ratio'ffom = 15 to ~ 3 at the highest beé.m enei’gy; at the lowest
energy the final réﬁio was 0,02/., Those protdns not thus ‘éliminated.‘were re‘- ®
jected by the time-of-flight cor;dition.' Indeed, the velocity selector was ﬁot |
atvavll necessé.ry for this experiment; it was inco’rpéréted into the system only
tO'ieduce the unwanted proton flux. |

.The LHz'tgrg',et' is shown in plan view :in-‘Fig. 4 ' Thc v'il:_lavrgét' vessel Was. ‘
a Myla.r lcylinder. 2-41/2 in, in dia.m'étér and 4 in, ldng, su‘f'ro‘uﬁd'ed.by 1~adAia~:'.
‘tion shxclds of a.lurmmzed Myla.r to minimize hea.t Lransfor to the LH,. The
veosel was fllled by gravity feed from a reservoir urrounded by a liguid-
1lmitro<?en jacket. ,The entire asSembly was enclosed ir.xya. vacuum jacket. The
target vessel was emptied by closmg its boil-off valve, thereby buud.chm7 up
a shght gas pressure and for cing the LHZ out the bottom flll tube and up into

. the resexvoir. I‘me cﬁensz.’cy6 of the gaseous hydrOGen lcft in the target was

0.00136 g/cm s whercae‘ the density of the LIJZ is only‘0.0'JOZ g/cm ; this

. requlred a 2% correctlon to be applied to the amount of LHZ

The effective number of proto*xs per cm?‘ was calcula.’ced. to be .
4.196)(1023.' This value 1ncludes thc 2% Qensxty correction, and takes into
consideration the shape of the target vessel and the beam profile (= elatxve

mtens:LtY of thve pion beam for posxtlons oif the central beam a.xis).

' C. Scintillation Counter Array

Figure 5 shows the entire counter array schemaucally. Three counters

'(l\/fi,'MZ, ‘and M3)'Were used to count those pions, incident on the le target,

" that could contribute to the scattering data. Counter M3_ was smaller in
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' diamétér than tHe target ves;sel, and served to define the égcei)ted be;arn of
par'ticleS so that none traversed the side walls of the vesgel. |
Tl;ere were 21 pion counters, labeled ,‘""T counters, " placed at various
lab angles between 16 and 145 deg to the righf of the .bea'm, as viewed looking
downstfeafn. | Twenf:y-ﬁve équniers, labeled “p counters," wére placed to
the lefit of the beam at lab angles between 4 and 82 deg; these counters dé-—
tected the protoné_ as.they recoiled from the w-p elastic collisions. The p
counters wére added togethex electronibcal'ly m overlapping groups of three to-
six counters. These gfoﬁps of p counters were called "P counters.' .For
each w- counter there was a corresponding P cbunter. The P counter was
slightly lazgez; than necessary to Adetect thg proton recoiling from any elas-
tically scattered pion that y&as detected-i_n‘the corresponding w counter.
| The w vco'untervs were all designed to sub’ceﬁd an angle of 18 deg in ¢,
;thé azirguthal angle in a éphericalfcoordixmate system. The 25 p counters,
which _dete.cted\ the recoil protons, were de‘signed to subtend an angle ¢ = 22 deg.
As was indicated above, the ™ counters defined the scatte‘rivng a.'nglc.—:'s and
solid ar.xgles.b The cosines of the effective c. m. scatiering angles, and the
c.m. solid an‘_gles ;ubtended, were carefully eyaluated for each 7 counter
at each exp_érinuenté.l energy'; but in the interest of brevity these values are
no:t listed here.® The magni’cﬁdes of solid angies rangéd between 3 and 36 msy,
and tﬁe bfeadth.s of the subtended intervals '11} coé Gc. m ranged' irom about
0.01 for backward angles at high energies té about 0.12 for counters in the
-forward hemisphere, |

‘The counter S, ‘shown partly around the I—I2 'target {Fig. 5) was ar-

0
ranged so as to be missed by pions in the beam, but to be traversed by any
pion scattered from the target into a T counter.

It is important to note that each of the 7 and p counters had tunnel-

diode pulse output units which delivered pulses of uniform amplitude and
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shape whenever the photomultiplier outputs exceeded a certain small value.
”f‘hls feature was essenual to the vahd operatxon of the matrm comczdence circuit

fed by thev T and p counters.

D. The Electronics System

The scheme §f the electronics is shown in Fig. 6. There were threel
main sections to the system: the monitor section, the matrix coinci&ence
and logic section (enclosed by dotted line in Fig. 6 and labeled "Matrix coin-
cidence system'), and the core. storage system (not shown) Not all of the
functions of the elements shown in Fig. 6 .will be d1scussed-here, but a
' rﬁdimenﬁar& deécmptxon of their o*wration follows.

1. Beam Monitor System

.Pulses from the nmonitofcoux;ters Mi’ Mz,v and M3 were synchronized
for bea.rﬁ pions with a resolution time of 2 nsec. Since in the worst case the
proton fliéht timé from M1 to MS was 7 nsec longer than the pion time, less
than 0.1% of the total monitoxr counts were duz to proﬁons. A ”doubie ~-pulse-
rejection system' was incorplorated i::‘to the monitor to reject pulses from
ﬁﬁy pair of charged p.articles that traversed Mi and Mz'with less‘ than 40 nsec
time separation. So for a pion to register in the. Amoni'torvsyste'm, and thus to
qualiiy to trigger the subsequent matrix system, it could be neither f)_receded: ‘
nor followed by aﬁother .char.ged particl.e iiz Mi‘MZ within 40 nsec.

~ The purpose of the double-pulse-rejeciion featu;i‘e was threefold:

() i.‘c limitéd the acceptan‘cev of possible scattering evenfs to only one for
each ""gate" to the matrix coincidence system (the gate thét allowed pulses
to enter the matrix was 35 nsec long).

(..b) it ensured that the number of counts in the monitoxr system would be
equal to those that had the oi:portunity to be scattered and accépted by th

matrix:
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{c) It functiohe& 8o as to reduce the number of accidental counts in the

monitor system to a hegligibie value. a
Aq explanation of this third feature, that is, the reduction of acciden’cais,

is evident from a description of the method of double-pulse 'rejection. Separate "
pulses were taken from Mi and _ MZ’, and each was "'stretched" to a length of
about 45 nsec and fed into its own discrimina.t.cir.v 1f two pulses occurred in
one of theée co.gn’cers witbin a time of about 40 nsec, their overiap pxjoduced
2 pulse of such height as to be above the discriminator level and thus induced
an output pulse. ' Wizenever both Mi ‘and MZ discriminators gave such pulses -
in coincidence, an "off" gate was imposed upon M1M2M3 monitor éutput. The
reduction of monitor accidental counts can now be understood aé follows.
Counters M, and .MZ; Were both largé enoughv to include all the'.béam qrogs
section, so -2 predominant type of accidental in MiMZMé,‘ cou.,ld,h;a.ve c.:onsis{:ed?
of the c.loﬂs.e pa;ssa}ge of two beam particles, first a proton and then a pion, both
of which registered in M1 and MZ but with the pion missing M3, thus allow;
ing a possible fa’l'se association of an M3 count (proton) with a coincidence

of M, and Mz (pion). But the double -pulse-rejectidn feature eliminated .

1
such a source of aécidental associations, - Since the c'ountls]ovccurring in 71\/13_
| _wezfé predominantly due to particles. that i'xad traversed Miv‘and -I\/Iv2 ‘(i. e.,.
there was relatively little counting’. of "ambicnt" par'tiéles), this feat}izje
. reduced monitor a;ccid;entals to a negligible number. |

| The foregoing characteristics of‘ the ifnonito;; counter system were
designed to allow the vr'egisi;ration of only those single pions that could have .
, 5vee’n' scattered and acéepted for ar;alyéié 'by. the matrix, logic, and st’grage" .
: sy‘s-tems. N | o H | |

5
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2. Matrix Coincidence and Logic

The triggering of the rriat;fix system, wh_ich allowed it to accept counts

 from the m and p arrays, required a count in 5, (see Fig. 5, Sec. C,

abové) in coincidence with tne IVIiI\/iZI\/I3 condit'ilbn (M). The resolution tir'n.ev
of thls M-S, req\nrement was 20 nsec; it reduced the duty cycle of the matrix
by a factor of about 50 thh respect to triggering on M alonc, and it cnuured
that a particle was scattered in the direction of the array of ¥ counters
Pulses from tﬁe 7 and p arrays could enter the matrix if they occurred‘
within 35 nsec of t};e__M—So trigger. During the i;ientificé.tion of the matrix

coincidences between 7 and p pulses, and while they were being checked

by the logic system for accéptability as elastic or inelastic events, and

finally stored, the matrix was unable to accept additional events; therefore,

in these periods the monitor scalers and prevscalers were gated ”off‘,' 50 as
to maintain a valid monitoring of beam particles‘that could be scattered and .
accepted. This Hoff gate varied in length from 7 to' 100 psec, depending
upon the duration of the "busy“ time of the. matrix and loglc system, rand "
averaged about 20 nsec.

L

The combination of small groups of p counters to form the varicus.

P counters, each of which was the elastic proton counter companion te its

respective 'coun‘celr, was acc'ompli'shed electronically in the section
labeled "Adder matrix" in Fig. 6. The various WP pairs provided 21
channels for elastic events at various angles. Inelastic scattering even’és
were sé‘rﬁpleﬂ by 42 coincidence pairs, two for each T counter, ﬁsually
férmed by the use of each p counter @djacent. to a given P counter as a
co;’.ncidence partner with the related ™ counter. These seloccted p couners

are designated by the lines I.A and I.B ezﬁerging from the adder matrix

in Fig. 6,. where n refers to the related L counter, and n runs from 1 to 21.
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The correcuon for the melastxc contr;outloﬁs to the elast1c channels
was estim ated by an mterpolatmn and averadmg treatment of these "off-
‘;Ala,stic‘" ‘c‘_oincidence counts, To each of these off-elastic pairs the output bf

the associated P counter was added in inverted phase so as to discard from

the inelastic counting those cases involving both elastic and inelastic channels -~

simultaneously. This introduced an additional negi:igible .‘co:re¢tion;

~

. 5. Maghetic Core Storage

The outputs frém the 63 _ch'aﬁnels of elastic and'ihela‘stic coincideziceéA
were addressed,'tbrthevva:r-;lous stor'_agc-; locations in the xﬁagnetic core storage
of a pulse-height _analyzér. If only one .df the 63 coinc‘idences in the ccin-
‘cidencefmafrix gystem éccurred for a ‘g‘iyen trigger, the event was stored.

If there was no coincidence for a given trigger, the trigger was counted in

a scaler labeled ''zero invalids." If there was more than one coincidence

for a given trigger, the trigger was recorded in a scaler labeled "> 4 invalids,"

and ‘t.he coincidences were not stored in the pu_lse.—heighf analyzer. The >1
invé.lids did not occur very frequently. and it is believéd that elssentié,lly no
.Claatlc data were lost as a result of th1s type of mvahd event. A‘tér" an
approprlate lenuth of running tlme, tha'number of count in each of the 63
channels was read out of the pulse-he;ght analyzer on an elec’cric typewritér ‘

and punched onto IBM bards »simultaneously.‘

4. Light—Pulser Test System

- A system to test all of the clectromcs as a umt was devised by employ~
ing light pulsers attached to each countcr and properly tn’ned *rclatxve to one
another. All p0581b1e 'n'-p_ counter palr_s were pulsed in a systematlc manne;r,-
' ,. along wi’gh M3, Sy .a.nd another »coum'fer L\..‘which rep}aced -Mi ~and’ MZ in

the_moni‘cor coincidence. Therefore;, each time the light pulser was triggered,
five counters received pulses. They were L, M3,So,'1rk. and Py where k

[ERN
TS

T
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ranged from 1 to 21, and £ ranged from 1 to 25 fox each value of k. It re-
quired 525 pulses to chéclc all of the % and p counter pziirs in a complete
check cyc;le. The electronic: system was frequently.checked for malfunction
by running the test system through N cycles, and then examining each of the
63 pulse»height-analyzei: outputs to see if it was the correct multiple of N.

Counter voltages were established by 'us‘e of the light puISers, .the latter
having been first standardized in an approi:ria.te mannexr. The eésentiai re-
qﬁirement was that the photomultiplicer oﬁtput pulses be within suchva range
as to allow the tunnel-diode output unit from each T and p counter to
deliver a reasonably uniform pulse whenever a particle passed through t};e

counter,

E. Measurement of Béam Contamination

A g#s Cerenkov counter?'uti‘lizing SF6 was employed to méasure the
beam fractions consisting of positrons and mﬁons. During such measure-
. ments the counter was inserted into the beam immedi'ately following the HZ
. target. This'counter. in coincidence with’ M1M2M3’- could be made to re-
spond to positrgné‘only;; positrons plus muons, or to the total beam of
positrqns,’ muons,iand pions, by successively increasing its gas pressure.
One of the response curves thus generated is shown in Fig. 7. |

The analysis of such curves and the results of beam-contamination

‘measurements are discussed in Sec. IIL. B, belc 7,
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S III. ANALYSIS OF DATA

A. The Uncorrected Differential Cross Section

L ' ) ' : . ' % sk
If pion counter . subtends a c. m. solid angle Q; at angle 6, with-
respect to'the,incident beam direction at the target, where the ¢.m. refers to
" an incident pion and a target proton at rest, then the differential elastic-

. ' . o ' .
scattering cross section at angle Bi is given, before corrections, by

R, . o o
--——-;-._ - (1)
nxf2 - :

d@ "
wherzre

n= protons/c:m3 in the LHZ.

»
i

average path length for beam pion in the LI—IZ.

and ‘ ) _
coincidences (M, M, M_S,7.P.) | L
o R, = e 3o r s (2)

comcxdences(M Wi REL)
. 1772773

The effect of the Mylar walls of the hydrogen vec:zel was eliminated by the
usual empty~-target subtraction; so, '

Ri - Rifull__ Rf{:nupty' (3)

Eachof these R's is evaluated from several "runs;" so, for example,

full o
_ 1 ia . o (4)

where the mdex a spec1£1es the run, and we have szmphfled the expreésxoq
by wrlt;ng L for the type of coincidence count a.ppearmg in t”ze numerator |
of (2) a.nd M for tha.t in the denommator

- The general requl rements of acceptabzluy for the data from the various
) runs._employed the usual tests of a satisfactory relation between the rms

deviation from average and the standard deviations calculated from statistics.
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A rejection crzterzoq for the data from a cwen run was estabhshed as
" follows. The run a_ was 1’e3ected if: -
]Res._' la, >34 lS. D. Ia+ rms Res. ),

where , | _ | : | '

lRes. la = residual of run a, i.e., the deviation of Rd from 'R,

lS D. la standard devxaho;l of R

rmsg Res. = root«mean—square residual fo.r all ‘runs of this type,
excluding run a. o |
In thnsc expressmns wé have suppreused the notations referring to channel
nin and to "full" or "empty." We made the assumpuon that a resldual value
: greater than the magnitude stated mdxca:.ed a stx ong proba.bi}rty of mstru-—
mental'ma.lfunctioh.' Actually, less than 0.1% of the data. were rejected be- “
cause of this criterion. o

Since the statistical errors and the deviatioﬁé from a;/erages shéwved.

a satxafa.ctory relatlonsth, the error for the uncorrected d1fferent1a1 cross
section expressed in (1) was evaluated from the statistics by:

. . . 2 ~ -\2 ‘,1/2 . .
Ao, = — 1 [[ag i), [ AR, Pty \ . (5)
5K } 1 / \ 1 / ,

nx2

where ARi denotes the standard deviation appropriate to an evaluation of
Ri as given in (4). This value of Aai' is subsequently combined with other

errors arising from uncertainties in'the corrections to be applied.

B. Corrections to the Data

1. Inelastic Scattering

By inelastic scattering we mean an event for which the final state con-
sizts of something other than a single pion and a proton. The sclid an'*lc of -

the 7 and P counters-and their kinematic relationships in dcfining the
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élastic channel_s—Suppreseid ’respbnsé.to inelastic é%rents"." but it is necessary
to estimate thé coﬁtribution m these cha.nnelé made by ineléstic processes,
For t‘nis pui‘pose ‘the "I-channels” mentiorxed'iﬁ Sec. IL D 2 consis‘cing of
comc1dences between w counters and off-elaotu: P countcrs, were defined.

F1gure 8 shows the kinematic relatxonshlp between the p1on lab angle

and the proton lab angle, both for the p1on scattered to the r1ght (heavy sohd

curve). and for the p1on -scattered to the left {light golid curve), In th1s, ex-

- periment elastic events were measured with ’che pion aomg to the right.

Because of the f1n1te sxze ‘0of both the o and P counte; s, these lamematzc
curves are spread out into bands, as 1nd1cated by i;he dashed curves in Fig. 8.
Axcas _A and B in Fig. 8 é,re defined, for example, by ’t‘f-;p cbunt"er‘ pairs |
that are outside the -ela.stic bands.. Coincidence counts were measured in
42 areas, such as A and B, all of’v)hich were in fé,irly cloge pro:'ckimit‘y to
the. (heavy da shed) elastic nand The 42 ratios of these counts to the beam
monitor counts were formed. Each particular ratm was then divided by the
product of the la.b solid angles of ¢ the w and p counters contributing to it,
. thus definingva quantity Z which is the number of inelastic counts per unit
monitor count vva‘nd }per unit prociuct of solid.angi.es, for a specific.pair of
counters. | .

We then assumed a 2 ‘cdordinate axis normal to the plane defmed in
Fig. 8. A sarface Z(.{, v} was least- sq'ua,res-fa.‘cted8 to the data voints in Z

by using an equation of the form
'- ” | 220 g2 2 | \
Z{x,y) = Ayt A, (xty) + Aoy + Al +yT )+ AlxTyxy ) e, (6)

where x=cos@ and y =cos O, eft’ A suffic:ient number of terms was useci

right
to obtain a reasonable fl‘c. usually, it was only those terms up to and mcluamg

3'(:; ty ). An equa.tmn symmetric in x and y was chosen becau.,e the

7

inelastic scattering is sy"nmetrz.c with respect to scattermg, left and rzght.
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Powers of cos 6 were useci,' rather than éowers of 0, in orde’i to make the
surface for the region 0< § < 180 deg agree with i.:he‘ surface for the fégion ‘
360> > 180 deg. o | | |

| :’I‘h.e.valué. 'Zi, of Z at the coordinates corresponding to the g_th elastic-
channel poinii (lyi}xg on tbé heavy solid curve) was determined aﬁd _then multi-
plied by ’;he.lab solid é,pgles of both tﬁe T, and the Pl c’ouﬁtérs. The re=~
sultagt product Ii is the inelastics cor‘rection for the _i_}:h'eia.stic channel.

~ Equation (1) then becomes

»

do ,, * 4 ull smpty ' o
29.(0,%) = —L— (gL R FTPY L , (7
" nxﬂi : ' s

for ecach elastic channel.

- The statistical ei’roz;s from the inelastic-channel counts {ratios to
monitor}) provided error values for the data peints in Z which were em~
ployed in making the‘least-équares fit to a surface Z(x,y). The er.ror métrix
.’thu's deten;mined gave means of assigning an ﬁ_<\)r fo Zi’ and thus to I. The .

contribution to the error in differential ¢ross seclion is made by an additional

term in Eq. {5), which now becomcs

»

Ao, = _____il_?__ }(ARifull)Z " (ARiempﬁy)Z + (Ali)

nx§2,
i

-

Figure 9 shows the relative magnitudes of the elastic data {(sc.id curve)
and the average charged inelastic backgrou,n& (dashed curve) as measured at

a pion lab kinetic energy of 990 MeV. | | .

2.. Accidental Counts

" The high counting rates of the monitor counters (M’i‘ M2 M3) Jemand
ca.__réful considggation of the accidental-coincidence component in the ronitor
‘counts. Usually the most predominant type of accidental coincidence in a

threefold coincidence is one where two of the pulses~e. g., pulses from Mi
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random. This type of accidental coincidence could have resulted in a con-

and M -'-fe.z‘;ré :.d‘_ef'i-nite-ly :I'r'lelat-ed. and thé third.-'-e. g. ,.‘a pulse f:om‘ M3 -»15
siderable (® 4%) correction to the monitor counts in this e}iperiment, excepﬁ
for the fact that the ‘.monitvor'systém'. was “pro"cec.t.ed" against this type of
accidental coincidenée by the déuble -pulse~-rejection syste'rri. (See Sec.Il.D.1.)
Other typeé of accider;tall céiricide’nceé in the monitor system weré calculated
to be négli‘gible. |

Accidental coincidencés in the elastic and inefastic channels were r_néas-
‘ured in several cas;s; inciuding those channels fed by ﬁhe w »a.n‘d '_p’ cou’nters_'
with the highest singles counting rate';: in all cases it was found'iﬁat théée

accidental coincidences were also negligible.

3. "Reverse-Elastic" Scattering

As was previously mentioned, the heavy dashed curves m Fig. 8 in-
dicé.te the regionrw_heré elastic data were taken at a p'a.rticula.r energy.  The
region bounded by the light dashed lines is called the reverse-elastics region,
because the pion scatters toward th;protqﬁ counters and ti.e proion recoils
toward the pion céuhters. In the relatively smal_l area where the reverse-
elastic band overlaps the ela;stic bé.nd. reverse-elaétic counts are secorded
in those el'é.stic channels. In this overlap area, the pion counts in a proton
céunAter,. say Pk' and the rgcoil proton counts in therrcorrespohding Trk
counter. | |

Pulses, frofn T and p counters, fﬁai: resultéd from revéx.-.se-ela,gtic
. events could not be eliminated by timing relationships because o% the.'.re.la~
tively wide (35_—nvsec) gate to the coincidence matrix system and the"'slvo_w”
cbinéidépce circuits in the matrix system. |

| After all other cérrections vtp the w-P counter matrix data have been

applied, ‘the couriting rate in a particular elastic channel is the sum of the -
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contribution from elastic events of the desired "forward" type (i.e., pion
scatters to the right) and the contribution from reverse-elastic events. This
is expressed in the relationship

Qfao(e) = 2.0(0) + 2 _0(6.), : _ | (9)
where

Q= ol1d angle for the forward elastlc channel at angle 9.

Q o= SO].ld angle subtended for the reverse—elastxc events in this channel

6,(6) = apparent d1f£erent1a1 cross section at angle 6. uncorrectcd for
reverse~elastic events,

c(h) = trﬁé differehtial &ross éection,

0(9 } = true differential cross section at the angle 6 which is the

effective pion scattering angle for the reye:se-elas.tiq events.

From.th.is eﬁpre_ésion, By,rearrangement, we have |
" _‘a(e') = ao'(e) - ('szr/nf)o(er). o o S '(10)"

We af:te;’npted to use'this-jvrelationship to correct the “obéerved" cross ‘'section
and to obtain the true cross sec;ﬁoﬁ, employing ih first‘approxi‘mation for
.O’(Gr) .the observed v'e.a.l;ue_ at Gr.“ The c;oss-section 'clu1%.ve through .the, lda.Lta
points was then r_efitte’d, uéiﬁgfhis fir.st-correcte'd‘ Qalue of 0(8), ahd‘én -
iteration of this p.rocedure continued until a convergence w2s obtained at a
- final value for ¢(9)..
- Actually, the convergence was greatly‘facilitate‘d by ‘converting (10) |

into the form

‘.'Qf ) L Qr . B =
0(60) = m5=—0,(0) - gy (90 ) -ol@) . (1)

T Y o f 'r
| ~ In.the form {41) the cqrr‘ectionl’term is typiéallﬁr much.smallvexl' than in (10}, and -
v cénvergeﬁce was more dire'ct}v.‘y achieved. Asa'Achéck on results it was" always
vé;ifiec‘l that both rfo;"i.zvas (10) and (11) \kere satisfied by thé final values of the

)
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cross éectiéns.v The solid-aﬁgle \}alues \.w.er,e cé.lculaie_d Witﬁ,the aid ,o_fv‘a
. corﬁpﬁter program ‘that‘ accqﬁnted for size‘s and pésli‘tiOr.xs of counters, size
and shape of _HZ target, intefxsity distribution and momentum distfibution ‘
in the pion-beam cfoss section, émd convergen.ce" of the pion beé‘rh., |

The errof inherent in this corfection operatiér’x was calculated from
the unéertainties _in the quantities appéaring in Eq.l (10}, and was ir;coj:pé—
ré'fted into the er_ro,rsv in the finai data for the cross "segtions:. In Fig.'. 9 an
example of the data is shown, for pion energy' of 990 MeV, iiiustrating the

magnitude of the reverse-clastics correction in this case.

4, Corrections to Monitor for Beam Contamination

The application of a gas Cerenkov counter for the méésurement' of muon
and positron beam contarﬁiﬁa’cion was mentioned in Sec. ILE. 'I‘hé; -K+ meson
component was negligible vbe&':ause‘of its short lifetlime; The proton component
was su'ccessfullyi.rej‘écted by time-of-flight reéuirer;xents, and its'inﬂuen.c’e’
upon counting rates was reduced by the 'velocity-sp‘ectzjometer_ éctioxa, which
eliminated é. considerable fraction of the protons from the beam.

Positréns were primarily produced at tl%e Bevatron target from pair

>

production by photons from w°

decay, and were thus subject to the beam
momentum selection and could be readily identified by it'bhe Cerer‘lkoy{ﬁ..cour;’cer.
Positive muons generatéd by é'ion decay ‘in the beam precedi’ng the bending
>ma,gnet BZ (Fig. 2) were like»wise subject to"monientu'm selection and iden-
tified by the Cer‘enk'ov counter. Those mvuc;ns'produced between B.?. and the
LHZ target, which t’raversé vM3 | énd the LHZ target, were evaluated by
calculation. |

In Fig. 10 we show the fraction of the total monifored beam contributed
by these précessesa‘t various Beam energies.. Their scattefiﬁg in the LHZ
target at the angles of concern was‘so small as to involve no correction in the

7 and p counter data, but only in the monitor data.
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5. Miscellaneous Further Corrections .

- Certain further small corrections were involved, such as:
{a) Correction forbde‘ad time in counter Sb. |
{b) Correct_i'on fer double ecattering of ‘p.ions‘ox protoﬁs in the HZ target
and walls. | |
- {c) Correction for finite a;nguiar size of the elastic channel counters. ‘In .
a few cases where the cross sectioh was sma.ll; but rapidly changing, thig
was important. | |
_‘ The lergest contributions to the quoted errois came from statistics and,

. foxr certain points, from the uncertainties in the reverse-elastic correction.

IV, EXPERIMENTAL RESULTS

A, Diffeirential-Cross -Section Data

The elastlc differential cross sections are listed in the tables in I‘lgs 11
through 17 together with the errors (standard dev1at10ns) and the cosmes of
vthe scattermg':ang‘les in the c.m. system.  The valges listed for cos 6% =_1.0 :

. were c_alculated by i;xs."ing dispersion 3:ela.tion:;.9 o | :

Although dete were taken at 24 different angles‘ at c,ac,h enefgy.' thc dé_te
at some ef these angles were A;'ejected.. At small angles of ccattering, the
recoil protons did net have enough energy to reach the proton counters. This
| eliminated the first five angles at 533 MeV, four at 581 MeV, three at 698 |
MeV, two at 873 MeV, and one at beth 990 and 131'1 MeV-; The data from
channel 11 appeared to have a systematzc error of unknown o*lgm, as a rcsult
.vthe differential cross sections xor this channel - were szgmflcantly toc la:wc
 at all energies. The prqbability of such a phenomenon occurring r;aturally

isﬂextremely”small, and hence the data from channel 11 were also rejected.
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.

'B. Fitting with Power Series in Cos §*
A curve having the equation’

¥

N

% ) ) :
do(6) _ a_cos"6* | 2y

duQ* n:O

was least-squares-fitted to the data péints.8 The fitted curves, along with

the data points, .are shown in Figs. 11 through 17. The disper’sion-relations :

‘point was used to make the final fit at all encrgies. . A fourth-order fit, i.e.,

N=4, was used at the three lowest energies of this experiment; a seventh-.
order fit was used at the four highest energies.

- The determination of the correct order of fit to be used is a rather

~ difficult problem.  One ,crifceridn accepﬁed was that if a kth order {it is

needed at some pafticular energy; then at higher énergies lthe order of {it - )
should never be ]:eés‘ than k. .‘The basis {or this criterion is that if a speciﬁc
fth par;ial‘ wave is'ne_edec.l. at a cerfain energy, this Lth pa'ftial wavé should
élso be .preseht ét' all higher eﬁergies, even though its contribution may be

very small. Another, and an important criterion, was to choose that order

‘of fit that gave the best agreement between the curves fitted with and without

the disperion-~relations poini:.9
At 873 MeV the data could statistically be fitted, i.e.,. with satisfactory

XZ, with a third-order expression. However, a third-order fit did not produce

‘the sharp rise at cos 6™ = -1, as indicatedbythe data points. A seventh-order

fit was the lowest-order fit, made without the dispersion-relations point; that
both produced the sharp rise at cos 6% = -1 and also had the correct value at

P4

cos 6" =+1. This sharp rise at cos 6% = -1 becomes more pronounced at 990
MeV, very pronounced at 1311 MeV, and staxts to diminish again at 1555 MeV.
The standard statistical tests, such as the xz test and the Fisher "F"

test, were taken into consideration, but they were sometimes misleading,.

)
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Figure 18 sho§vs the vé,lues of (X 2/d)i/z, the ""goodness-of-fit" parameter,
plotted vs the oxrder of fit N. Theée plots are fvorvthe lowest enexgy, 532 MeV,
and the highest eﬁergy, i555 MeV, where d is the ﬁurr;ber‘of degrees of |
{reedomm; i, e. 0 - | )
| Ld=Po(NE), - (13)
P being the number of data points to which the curve is fitted.

Figure 18 seems to indicate that a sixth-order fit is sufficient at 1555 MeV;
however, a.seventh-order {fit was chosen because that is the order of {it needed
- at a lower energy, 873 MeV. |

2 and (x /c‘l)i/2 for the chosen fit at each.

Table I gwes the values of ¥
‘energy.

The values of thé coefficientsv a. ‘and their errors are listed in
_ 'Qable II, and are shown plotted in.Fig. 19 with pion lab kinetic‘.v energy as the

abscissa.

C. Total Elastic Cross Sections

The total ela.sticﬁ cross sections, obtained from thé data for differential’
elastic cross sections by integrating under the fitted curves, are listed in
-Table I, along with their erro.;c's. Figure 20 shows the total elastic cross
section; the total cross section,i and the total inelastic cross section-the

last being simply the difference between the first two.

V. DISCUSSION
The major objective of the e%c;oerlmcnt was to 1.nfer t.he qugntu:m numbc o8
of the sta.te in ”resonancc" at the pion kinetic energy of 1350 MeV. Second-
arxly, we hoped to obtain some information concermnrr the nature of the state -
contrlbutmg to ‘che ""shouldex" in the 't’otal-cross-Sgctmn curve for pion energy

ncai' 850 ‘MeV.
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Cursory‘.exa;m_ination of the differential-cros:‘s-séction curves at Various .
energies (Figs. 11 through 17) allows vthe followingq.ualitative obsei’va’éion‘s:
 The curves for the three lowest energies are of simple and similar shapes, "
for the three highest energies a more complicated éhape is apparént, and for
873 MeV the curve suggests a trapsiﬁon between these two ;egimes. The
‘characteristic shape of the curves for the three hﬁghes_t energies suggests |
‘a substantial contribution with a [P3 (cos 6%)] 2 dependence, :which could be
produced by a prominent amplitude in the £ =3 orbital sta;ue; |

A much strongex bésis for interpretation is provided by the'ploi:s of the
behavior of the coefficients Qf the powers of cos 0 in v_th}e poWer éeries ex-
pansions of the various curves; The energy depend;nce of these coéfﬁci_eﬁ'té
is shown in Fig. 19. The inte’rpreta.’cioh is facilitated by expressing these
coefficients in terms of the par tlal-wavc. scattering amplitudes by the follow-

ing operations.

¢

The duferentxal cross section in terms of the partial-wave ampluude

is: .

L . |

do (6" . + . )

"d ). | } [(2+ 1), +24.7] P, (cos 6% |
L .
N - " ,

|2 18] -a)) P£1 (cos %) |% (14)

£=0 ‘ '

where A, is the scattering amplitude for the state of total angular momentum
J=4+1/2. The value of L is the largest value of £ needed to fit a particular
cross-section curve that the expression is to describe. The amplitudes are

expressible in terms of the phase shifts by the form

, brexp(2is,®) -1 R
J:\h‘g . = ] (‘
2ik

PR
[92]
-
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where Kk is the c.m. wave number for_ the pi.on, 6/4'% is the real part of the.
phase shift, and 'b£i= exp (‘-Zﬁf i) is the 'ébsorption parameter arising frém
the imagina.ry_ pér_t, {Sf, 6f the vcomplex 1>ﬁase shift &+iB3.

We now expand Eq. (14) into a.n: expression in powers of cos 6%, and .
for convenience employ the s.fandar.d symbols S, P, b, F,G, .fbr th'e. scatfei-int?
émpi_itudes corrésPohding vto 2 %0, 1,.2, 3; 4, respeét'iv.ely; thp.s A3+ =u_ F7/2, _

and A3".=F5/2. With this notatior{,‘ Eq. (14} becoﬁies' »
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da(e) o _3g 2 _op - 3. LB
o = {31/2 251/21)3/2 331/21)5/2 +'Pi/z_*zpi/zps/z‘3P»1/2r5/2,

F3P. L Fo 4P 2 43Py s 3P T +D l2+3D. DL,
R V7 Al - A V7] 3/255/27°7 37127 73 /2 3/275/2

+ (9/4) DS/'ZZ + (9/4)5,'5/22 i (9/?)F5/2F7/2 + (9,/4)177/22] .

+ cos 6 {Zs'i/szi ot 45, /2?3/2‘ -95 ; /23:5 - 125 . /23;7'/2.+ 4151' /én_,, /2 |
.-9P4/2?5/2.‘ 10P /293/2 21D; ¥ 7/2”‘3‘5/2 5/2 ;;;’;Dfa/z 7/21
+cos® 6% [65 /ZDQ/#+981/2 Dy, + 6P, 4P '2')/2+9 Py /o F 57 ~30F; /2}:‘7/2
+ 3P/2 -;36P /2 /2-6P /2 7/2 + 3D3/‘22 -.36D3/2D5/2
- (9/2)D5/; -(9/2) /2 + (207/2);3‘5/2‘ —’,/2 + (45/4) /2 ]
4 cos o [1551/2 52+ 2084/ 1/ + 15P; ;D5 jp + 18P, ;D 3/2. 12P; ,Dg
* 12D3/255/2 = 110D3/2;3f.7'/2', 147D/, Fs 1y :-30D5'/2F7/2]
4+ cos*e* [35 2 /o 7/2+45P3/2F5/2 + 25P /2F7/2+45D3/2 5/
+‘(45/4)DS/22 +‘(%5/4)E5'/; -(675/21)1?5/237'/2 . (,;165/4;)}5‘7/.22} |
£ ~cos.‘i é# [i__°5.D§»/z:.FLz/z + (225/2)1)5/255/2 f.4595/'2F7_/2]

+c0366 [(525/2 5/2 7/2 '(17,75':/}4) F7'/22], | o {(16)
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Since the scattering amp}itudes are complex quantities, t:om_blex
multiplication must be used in this equation. For example, F.??/ZZ means
- 12 | R
117/2 i _a.nd F5/2F7/2 means the real part 95 FS/Z I‘7/2,
In the foregoing expansion we have retained only terms through £ =3,

7 6:}:

even though at some energies we tentatively included terms through cos

in fitting the curves. in ‘su'ch cases, however, the errors in the values of

a, were large (see' Table II}). It is our' belief that the presencé of a s.ma.ll

| amount of.cos? 9*, if‘ it should in fact be considered as required, is due to

the sup‘erposition' o£~é, large ¥ amplitude with a very small onset of the G

amplitude. Subsequent in‘teréretations will assume all amplitudes above F

~ to be small. |
"Due to the complex ;haracter of the amplitudes, th'er.,é are actually

14 amplitude parameters re?resehted in the seven amplitude symbq.lsl

81/2’ ey, F7/Z’ F’I‘hu'ls it is in principle irhpossible fo ﬁeter'mine ._tvhe ampli;-

tudes by equating fhe éxperimental ira,lues for a,, CYTRRR . o respectively,

to the evxlpressidnsvfér these coefficients in Eq. (1(;). Additional info::mat_ibn, '

€. g, polarization data and the values of elastic and .total cross sections, will

be required. ’ | | |
But in the a.bg;éhce"of a sufficient numnox of conatran its to determine

o rigidly the am'plitudé i:a.rameters we may still make strong inferences as’ '

, folloﬁs. ‘The do}ninant feétures' of the plots of the ehergy aependéhcé of the :

coefﬁciefxté in Eig. 19 are the ‘pronounc':ed positive peaking of a, and negative

pea‘kir@g’of a, in ﬁhe vicinity of the 1350-MeV resoﬁance. Reference to Eq.

‘ {16) shows that both these featufes a.re promoted by ecither t}ﬁe o) /.)2 term or

the *,./,,F.‘./Z term. Upon the basis of the small magmtudcs of the four lov«cqt

coefncxents—«ao, vy a3-we assume that terms in the expression for aA oither

than /2 7/2 and E‘7/2 are relatxvcly neghgible. And now, by cquat;ng the’

expression for ag to 24 mb/sr, and that for a, to -18Imb/s-:, 5 shown in
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Fig. 19, we c'a.xlc‘ulate that F7/22' iS. 30 timgs ﬁme magnitudg o# FS/(ZF’I/Z .
We thus infer that the peak at the pion enexrgy of 1350 MeV is related to an
F7/2 resonance. B . o | |

it is necessary, howev’_e'r, to recognize the Minami ambiguit&,io which
expresses the fact that differential cross sections a;-e unchanged if for eac.h
value of J we intefchange the values.of the two scattering amplitudes related |
to the two values of £ contributing. 'I‘)hus the simultaneous interchange of
5'1/2 with Pi/Z’ P3/2 with D3/2’D5/2 w1th F5/2‘, and 37/2' \%ith G7/é will
leave cic/d.Q Vunaffevcted. So, although we have adduced evidence for a si:az,e
with J= 1/2, we yet neegi 'to provide a vbasis for choice of pavity.

Thére.are at iéast two reasons for suggesting thé 1F7/2 assignment
over G?/Z‘ First, if the 1350~-MeV resonance is a true clastic resonanée
analogous to the (3/2, 3/2) resgnanéé. i. e., there is an intermediate state
consisting of a sipglé particle, it is reasonable to assume that this inter-
mediate particle ié an excite.d nucleén, and hence should havé_the éamé
v parity as the nucleon. It is the F7/2 w-N state that has positive parij:y.
Another reason for fentatively favoring the F'I/Z' assignment is that it agrees
© with the Regge-pol;e formé,lism as presented by Chew and Frautschi.“ They
seem to believe that the 1350-MeV resonance has the same parity as the
(3/2, 3/2) resonance, which again is positive. |
| | Thé::e does not appeé.r to be any single state that is very prominent at’
the shoulder nearx 850 MeV. The total elastic and inelastic cross sections
are plotted in Flg 20. The behavior of ‘the total inelastic cross secﬁon near
850 MeV is similar tb that needed in the Ball-iE‘razevrS explaﬁ’ation éf peaks
in total cross sections.. In view of these facts, it can be suggested that tﬁe
shoulder near 850 MeV is the result of an inelastic enhancement rather than
an elastic re5011§.nce.. It is possible that this inelastic process, -\;kfhich pro-
duces the shoulder near 850 McV in the T = 3/‘2"(Tr+-_-p) total cross scction, is

6
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the same inelastic process that contributes to the m -p peak at 900 MeV.i'2
In this case we would suggest DS/Z’ as discussed in the succeeding paper. .

In fact, although the evidence is not compelling, the alternating signs in

and a., in Fig. 19 at 850 MeV are consistent with

the values of ay, a3,- as, 7

‘the interference of a D /2 amplitude with F state amplitudes, as may be

5
seen by reference to Eq. (16).
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R Table I 'Values. of xz. (xz/d)i/z, the number of data points, &
the number of_,_degr_ees of {reedom, and the tqta_liellé.stivc_ crogs

section with its error at each energy of the experiment.

Energy . L - Number . . Degrees. . ‘Elastic.

i xP et SRR e seen
_533 - "7.8‘-).".""  0.85 16 ©an 15322047
581 ©25.26 1 1.45 a7 12 ’12.17&(?.57"
698 | 9.28 0.84¢ 18 43 _ 8_.02&0;22
873 13.96 443 19 VR 12,05 0,45
990 11.33 " 0'.'97" 20 42  44.54%0.31
e 16.92 149 200 12 © 19.3120.61

1555  8.36  .0.80 - 24 43 | 13.04%0.28

«

2 The disiﬁe.rsion-'re‘lations point, having been used in the curve fitting,

is included in the number of data points.




II. Coefficients of powers of

. -
cos @ .

Table

Coefficients _ Incident pion lab kinetic energy (MeV). ) .

: { 533 581 698 873 990 ) 1311 _ 1555
a, A_ 0.436+0.017 0.336+0.026 0.173+0.014 0.190+0.053 0.184%0.046  0.337x0.052 0.308%0.031 —
a, ;:042i0.070 1.745%0.121 0.692+0.049 1.108+0.213 10.528+0.175 -1.26620.290 0.467+0.175
a,. 2,869+0.101 2.679+0.139 1.960+0.092 3.004+0.621 4.583i0.508 " 5.272+0.626 1.64240.397
‘ay - 0.250+0,250 -0,051£0.377 0.432+0.141 -0.932+%1.688 0.920+1.335 -1.235+2.248 -6.322%1,326 7
ay, -0.868+0.239. -1.303%0.369 -0.940%0.174 -2.219%1.820 -6.51541,430 -17.364%1,970 -7.837+1.286
ag -- -- - 4.476+3,939 v 3.607+2.998 10.548%5.072 '16,012+£2,990"
ag -- -- -- _ 1.480+1.387 5.237+1.111 20.410+1.764 12,252+%1,140
ay -- -- -- -3.30142.611 -3.682+1,978 -2.614%£3.415 -4,971%2,068

- IE-

; VAT 820v-THOn
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FIGURE CAPTIONS

Fig. 1. Total créss sections for ‘Hi-p scattering, éhowing fhe energies
- at which differential qrosé sections were me‘asured, in this exp}érizﬁent,
Fig. 2. ‘Plan view of the experimental arrangement. The cc.:vu'nﬁe'r.'s;,rthe LH,
o target,' an@ the AIZOV3 t.a.rget‘are not drawg to's_c'a.le.
Fig. 3. Schematic diagram of optical system showing extrerne rays of-pion
Beam, 'varibus magnets, 'ta.x"get‘._s“,m slit, and velocity spectrOmefer. -
" The dashed lines illusffate how the protons weré stopped by the slit.
Fig. 4. 'Pla.n view of liquid-hyArogeﬁ target vessel and surroﬁnding-vacuum-—
jacket wall.
- Fig. 5. Plan view of"::s~cintill’av,tion;—counter arrangement,

Fig. 6. Block diagram of electronics.

e
t

- Tunnel-diode pulse discriminator and shaper.

-Fast amplifier.

[{S
i

Fast coincidence circuit.

[SV]
]

N
1

Gate circuit.

U‘.
i

Pulse-amplitude discriminator.

Pulse éplitter.

o
)

]
t

Scaler gate and beam monitor with modified output.

Qo
L

Special'gate:cirquit used to turn off prescalers during time data
vstorage system is busy.
Fig. 7. Gaé-—Cerenkov-éognter pressure curve taken at 698 MeV.
: ) , : o
Fig. 8. Pion-proton elastic kinematic ;cufves, showing band where elastic

data were collected, two of the 42 regions where inelastic data were

collected, and region where reverse-elastic band overlaps elastic band.

-
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Fig. 9. Differential-cross~-section curve _for an incident pion lab kinetic
energ;r of 990 MéV, including corrected data pbints with errors, . |
‘data points ‘before feverse-elastics corréction was applied, and
average melé’Stic background.
Fig. 10. Muon and electron contamination in pion beam plotted vs incident
pion lab kinetic energy.
Fig. 11. The 7r+-p. differential-cross-section cﬁrve for an incident pion
lzb kinetic energy of 533 MeV.
Fig. 12. The 'n'+-p differential-cross-section curve for an incident pion
lab kinetic energy of 584 MeV.
Fig. 13. The 1r+5-p differential-cross-section curve for an incident pion
lab kinetic energy of 698 MeV. |
VFig. 14. The '1r+-p diffe;’entialvéross-sectio»n curve for an incident pion
lab kinetic energy‘of_873 MeV. |
Fig. 15 .The 17+-p differential-cross-section curve for an'inéidéntv_pion
lab kinetic energy of 990 MeV.
Fig. 16 The 7' -p differential-cross-section curve for an incident pibn'
| lab kinetic energy of 1311 MeV. | “
Fig. 17. | The ©' -p differentia.l-cross-sectioﬁ curve for an incident pion
lab kinetic energy of 1555 MeV ‘
Fi_g.I 18. Curves showmg goodness-of -fit parameter (x /d)i/" plotted_
| 'vs order of fit for the lowest and hwheut encrgles of the e,‘pemment.
- Fig. 19 Coeffxcxents of power series in cos 9 plotted vs the mc;den‘c |
pion lab kmetm energy..
Fig. 20. The zr+'-p‘to.tal_'cross. séction, total elastié_ cross sec'c‘ion, ahd_ total

inelastic cross section plotted vs incident pion lab kinetic energy.
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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

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.






