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Lawrence T.adiation Laboratory
University of California
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Mavch 1, 1963

ABSTRACT

The Berkeley 15«inch hydrogen bubble chamber was used to invmatiga.éa
w' - p intaractioas at 600 :".-h'.eV. There were 1733 pood events, ol which 71,91 0,.8Y.
were elastic, Tartial waves up to at least 1“)5/2‘ are raquivad to (it the clastic
anpular distribution, The ineclastic events ware almost.emix-ely single-pion pro-
duction, The ratio (p + 0)/(n » ::) wag {ound to be 5,5%0,3 which agrces well with
4.9 predicted Ly the (3/2, 3/2) plon-nucleon isobar model of Olsson and Yodh, It
is also - conalntant with 6.5 predictad ly Sternheinner and Lindenbawmn, The plun
méx‘rxex'mum gpactra and the r - 7 Q-value distril:sutioim alao support the Olsson and
.Yodh model, Thua the (3/2, 3/2) vlon-nucleon isobar is apparently the principal
mochanism for single~plon production at 600 YleV, Anpular dmtriba.ttiom {or the

tsingle-pion-prodﬁction data are presoented,
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LINTRODUCTION

At 600 MeV there i3 a peak inthe w~ - p total cross aéct'ion but not in that
of the " - p system, 12 Therefore, if this peak ie a resonance, itA must have an
isotopic spin, T, of one-half, To determine the T = 1/2 phase shifts from the
7 - p. data, one must first ascertain thé T = 3/2 phase shifto from the n - p data
at the same encrgy. 3 For this reason, GOO,MGV was chosen as the beam energy for
the present experiment, |

In this experiment botl the elasﬁ'ic and inelastic 1r+-‘p interactions were -
1nvestigated._ From the 1245 elastic Icve.ntra oltained, -the clastic angular distribution
was quite accurately detcrmined; however, there wére not enough double scatters to
sturdy the polarization of the (.;utgoin;;g proton, |

For inelasfic interactions the encrgy of the incideﬁt beam {8 below the
threohold‘fo:r strange-particle production; only plon production ia possible., Although
kinematics permits as high as triple-pion produc,tiori. thel inclaatic cr‘;;vse section is,
- in fact, almost entirely single-plon production, The que‘stion arises as to which of
the known resomnéeé might contribute to the two possible single-pion-production
reactiéne: _ | |

wapswtipta

.’. - 4
ot p-ﬂ' +nt+w,

_ There are two obvious possibilities: either a two-pion resonance, or the (3/2, 3/2)

plon-nucleon isobar, .In this experiment the possible total inass of the two pions
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(< 574 Mo'V) and their izotople splu atataes pi:ccl.w:lc all of the established two-pioh
.reeon:me;eﬁ:. 1 This leaves the (3/2, 3/2) pion-nuclebn i@«)lzra'n', .whic.h"han a ma‘sAﬁ of
1238 MeV, o T value of approxlmately 145 MeV, and can contrilute to Loth
reactions, In the present experiment the pion-nucleon total mass can lle between
1079 and 1372 NeV, 'l.‘_lmn', the isobar dominates the availahle phare space and
probably plays an important rofe in single-pion production,

Bexgia ct al, ? have reformulated the isobar model of Sternheimer and
Lindenbamn.ﬁ Two amplitudes can ba formed wi.fh the isobar for the reaction
o+ pee v p+w'. See Fig. 'l.. herpia et.al, point out that these two dagrams
are indistinguishable expoerimentally, aud therefore their amplitudes, not their
c¥os8 sections, should be added: o

. n 2
cdos faM kM7 p

where a and p are the isotopic-spin Clebsch-CGordan coefficients, and p is a syrmhol
for the phase-space factors, Rergia et al. used a thecoretical expression to describe

the effect of the igobar in ‘Ma and M, derived from t“vhe one that had successfully

b
described the (3, 3) elastie resonance. To si;npiify the caleulation of the momentium
opcctra of the two autgoing plons, tiley assumed that the N* production was isotropic
and that it decayed isotropically in its own rest frame, In their results the inter-
ference term produced a large dip in the nﬁm_‘nentmﬂ spectra of 'the outgolnyg plona,
They state that if the interference term ie neglect'ed. their model reduces to the
Sternheimer and Lindenbaum model, which cor-reapond@ to combining ¢roses sections
instead of amplitudes, |

Recently Olsson aﬁcl Yo,dh7 have elaborated on the calculations of Bergia et al,
by (a) using the proper decay angular distribution of the isobar and (b) by Dose
'aymmetri‘zing the amplitude, The i{sobar production is still assumed to be in the

S state, These authors find that by imposing these additional requirements, the

laige dips in the pion-momc¢ntum spectra found by Dergia et al. disappear,
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U, EXPERIMENTAL FROCEDURE

'I’l-;iss' axperimént wae done at the Devatron in the Berkeley 15-in, hydrogen
bubble chamber, The beam which was built originally as a separated K" veam (see
Goldhaber ct al.B), was retuned to separate at maesons, No change in the congstruction
or layout of the apparatus was roquired, The lar.yout‘ia shown in Fig, 2, The circulatin
proton beam in the Fevatron was reduced to 109 protons per pulse in order to obtain a
flux of about 25 v mesons per‘ pulse in the bQ!)lvle chamber, Apprt_)xima‘tely 17,900
pictures werae taken, Goldhaber ot al, have described the beam and its opetration in
detall, so it will not bhe dea;cribed here,.

The beam momenturn was checked by B-topping pr‘otons in copper directly in
front of the chamber. This gave 72547 I\’Ie\)/éﬂ;ct)xltixa céﬁter‘ of the chanﬁ:ér. ‘The
quoted err;;)r is the uncertaihty in the centras) value, In the data analylsis a beam mo-
mentum of 725:&.13 MeV/c (kinetic ehergy of 59913 MeV) at the center of the chamber
was used, The 13 MeV/c was the actual momentum spread given by Goldhaber et al.
The central value was also verified by curvature meaéu'rementa of the incoming team
tracks in the bubble chamber (eée ¥ig.3). The .ex'rors in the curvature measurements
were too large to check the momentum apxeéd of the beam,

The only honnegligi'ble contamination in the beam was the p.+ 'contumination;
an esti;nated 10% . Eince no a'bsol_utea‘cro'gs sectiona were ﬁnea.sured in this exper-
iment, the p+ contamination hes no effect on the results, | '

M. TREATMENT OF DATA
A, Scanning

Two scintillation counters, operated in coincidence directly ui)beam from
the bubble chambcr, counted the number of particles entering the chamber. This
information was displayed on a pair of meters which were photographed with the.
buhble :cha,x_nber, Scanners rejected pictures in which these counters showed érea'ter
than 35 counts. They also rejected poor quality pictures orthose for which'the

counters were accidently turned off, ' In the whole experimont, 22.6%of the pictures,
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including picturecs which had no tracks at all, wore rejected; however, by far the
greatest cause {or rejection was too great a baam flux,

A rectangular fiducial reglon approxi:nately 20 by 20 cin was de:fined in ona
view, ADeﬁning tiie fiducial reglon in only one vicw was convenient for scanning and
was supplemented by much m/.)re'restrictivca criteria uft'cr. the events were measured,
The clearance between the fidueial region and the ed.gt.; of the bubble charﬁber was
approxim;:\tely 8 cm at the enda and 5 ¢m on the sides,

The pictures were secanned for all int'(-.:rml:tio;).s of bezx.in tracks inside the
fiducial region, All events éxcept single-prong for@ﬁrd scaiters werf; measured
on a digitized microacope. There were 24941 of thean, (.;f which a‘.l.l. tut 8 had two'
outgoing p‘x;ongs. | -

The film was scanned '!?y two people, who almo'd.cmble-ucanh@d 22%. of the
pictures to determine their ecanning efficienciea, To find 'an'y possible errors, the
writer. who was one of the ncanners‘.’ looked at least twice at all of the events that
were found, |

The averagc 5canning efﬁcienc.y for the experiment was greater than 95%.,
No scanning bias Waé found for inelastic events, A scanning biaé waé observed,
however, for eiaatic evehtm in the forward direction, Thié bias was not large, and

was well determined. The details will he explained in the Section IIID.

I, Compuater Analysis of Data

The data werc analyzed Ly using the FOG-CLGU DY:,_-.}?‘AIR progranm on an
13K 7090 computer, ? #Flgure 4 shows the coordinate system used,

The fitting ﬁrocodufe énd errnr amxigmhen.t_é usgd in the CLOUDY program
were éheclged by plotting the S-varmblc-zlo distributions for 152 clastic events that
fitted elasticity with YZ < 13.0, The results were very :good; _tl'n.ereforcis»tho 21rreYr
~assignments ﬁsed in CLOUDY ‘Nex';\! not a-:l_justt-;ci in any way, That s, t}_Lgf: aesigued

rneasurament errors were arrived at on a delinite physical hasis,
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1, Deam Fditing and Deam Criteria

CLOUDY substituted a value of 730 MeV/c % 1.8% for the momenturn of every
beam track at a point 19 cm upbeam from the center of the chamber (x'= - 19.0 em).
It then corrected for the fonization loss down to the point of interaction, This pro-
cedure gave 725 Mé\!/c +1.8% at the geometrical center of the chamber,

Hiostograma were made of a, f§, ¥, and z for the incomin’g traclks wilich

- led to the following bearn criteria for x = - 19,0 cm:

]

87.5%%8 £ o < 93, 0d¢%

3‘0deg € p< lo.odeg : .

2,0 cm & v < 3,0 em

The median plane of the chamber in the z direction wag z = 0. There was a condition
on y also; however, it merely redefined the acannmg-ta.ble criterion and did not
elimlnate any events, |

Since the elastic and inelastié wh p cross sections are qi;dte strongly
energy dependent in the region of this experiment, a criterion was imposed direcily

on the meanurﬂd value of the momentum of the incoming track. The criterion was

i)

. ceu“ * m’ )Moo MeV /e, | (2)

where pCeri is the meaeured momentum at the center of the incoming track, DP
is the relative eéxternal error, It consints of both the érror due to multiple acattering.
and an expected average error made in measiring the position of the points along the

track. CLOUDY also comiputed DPl t" thé internal error; which was the relative
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arror in the momentum basad on the departurs of the actual measured points frovm
the arc of a circle, .f)'if‘f‘im was used to Judge the quality of the measnreients

{sae Section I13),

L. Knomatic Analyais

The twosprong evants woere divided Ints two cateporiea, ¥ and M. FEvents
in catepgory M wors obviously tnalastic fioiu thely appearance on the séan table.
That {6, both outgoing prongs wera on the same slde of the iﬁédmiﬁg traclk, or com-
pariaon of two Vigws éiﬁcj"'\r."e(li coticlunively that the event had to'Abe noncoplanar. lvents
in catepory 15 then were eélther elaotic or imelavtic, CLOUDY fitted the two catego-

ries of events ao follows:

Category It

ot b opo i

T YR A - (3)

1in fittlng each of thore reactions GLOUDY trisd all possible mass pers
inutations of the outpsing particles, Only alx evente wiste found with more than twn

outgoiny prongs, 8o iuilitiple plon prodiuction was neplected,
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C. Acceptance and Clacnification

. Bvents were acceptad and classified one .at a time, .. Beam.criteria
(1) and (2), wore applied to the IFOG-CLOUDY-FAIR output, and the yneasured quans
tities for each event were c}w.c.l-';éd roughly on the mgan‘table. Any questionallc meas-
urements were repeated, The relative ionization as neen on the scan table was used
to separate protons from plons., This was a very simple procedure sinca almont all
outgoing tracks had momenta such that if they were plons they were minimium, and
if they were protons they were well alove minicaum, In. the very ,:few cascs where
there wan any doubt about the mmans of a particle; both pbsaibllitiea were considered,
It was assumed, of course, that all interactions were on hydrogen, so fhcre could not
be more than one outgoing proton, Tracks that stopped in the chambér were protons,
Tracks that went backward in the lahboratory system were counted as piona becauso
kinemaﬂca prevents the proton from pgoing backward,

Up to this point the data for the events .were chéckéd by a' professional scanner,

" The writer then checked on thé ac.amrlng table all evente that failed to fulfill the beam |
critbe'ria, or for which a possible error had been found, and nmde; the final decision
on each of them, |

After the m.a.as had been assigned to each of the two outgoing proﬁge, the
writer checked the output further, If '.if)»?.‘mt. was greater than DPe}‘EAtl fpr a giveAn‘
track, the track was checked again on the scan table for errors in its angles or cur-

vature, 1If DP were both gréater than 10%, and Dpint- greater than

int
the event was remeasured, unlens a definite reason for the relatively

' "
and DY ext

. A P
twice D.'.l ext’

large DPi could be found at the scan table, such as turbulence or a very stcep

nt
track, .

I.Zvorit.ﬂ that survived the above scrutiny were separated into elastic or single-

plon production catepgories on'the basis of their \(Z' values, An event was required
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not oy to fit the category into which it waa finally put, Lut alse to not {it any other
category permitted by the masa assigmnent. The final results of the separation

were

vy pos b P 1245 events
+ " .

b p e tptw’ 418 events
L ] +

" + p ~» 7 4+ n-a . 7‘5 (!Vl_".ntﬂ,

and the remaining events did not cause any bias as willltée shown,

Ueir the 1245 elastic events, ,\(2 (eclastic) was < 30,0; when these eventﬁ'.
werée (itted s single-plonsproduction A( I'r) events, x‘z was r’aoncon\rqrgent” excent
foyr nine eventa where the program ;:(onv'ergef.l for a different but posaibic niansd as-
signment, Of ‘th«‘-.ﬂe ninge eventza,v five had \(Z(lw).‘» 37.0; for the remainin‘g four W(Z(lwr)
was 20,2, 15,5, 14,9, and 11.5. These last four evonts were L%'epax'ated by comparing
elastic and inclantic )(2 values and dexﬁandiug that the constrained momenta agree
with the curvature and ionization observed on the scan tible. The \(2 dlstribution for
the elastic eventa is shown in g, 5. It has the ganeral shape ‘.:-f' the theorotical \(_;z
distribution for fuour deg{rees' of freedom, 1e but the tail is considerably broader than
it should be, |

The 418 evente of the type w4 p e at +p ot w satisfed Xz(lw) < 15,0 and
\(z (elastic) = 100, For rmost of these events xz (elantic) was > 1000, There was only
one event f)crmitted by the:‘ioni:'.ation to fit b‘oth . pr’ and Tr"’n'n"b,' and for which the
program esiiverged fod both pussiidlitdes, The values of xa were 0,2 and 21,6
respectively, wlhich made the cholce obvious, |

Seventy-five events of the type m + p -v v+ +n also satisfied
\(Z(lw) < 15,0, There wero no events in this category for which the program converged

for snothcr possible maos assignment, The xz distribution for the inelastic events
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{Fig. 6) has the same general shape as the theoretical \(z distribution for one degree
of fr.eedom. but again the tail is too broad. 12 |
Of the 2494 events that Wer'e observed at the scan table, 474 falled one or

more of the beam criteria and were rejected, As already stated, 1738 events were
eithér elastic or single-pion production events. The remaining 282 events wér‘e_ not
used and fell into several categories, Xach category was tested for 'a’ny indication

of a blas as compared to the 1738 events that were used, The purpose of checking
for biases was to make certain that these 282 events were sufficiently random so that
leaving them out did not Eifas the final rea\xlts.“

There were 49 events that did not fit any of the three possible categories,
Several checks were made to determine if these events ahéwed any systematic dif-
ference {rom the evente that were used. (a) There was no bias in the ratio of the
number of events with an outgoing proton to those withiout. (b) The angular distribution
of the outgoing w' for those of the 49 év;pte which were in écanning category E (see
'Section I B,2) and which had an outgoing“proton liad the same general features as tﬁe
cl;stic angular distribution. This is what one would expect, (c) The ratio of th;
number of e'vents in scanning category E to thoge in N was the same asb for the

' experiment as a whole. From these three checks it was concluded that the 49 everts
were unbiased, and that neglecting them would not cause a bias in the experiment.
This group of events érdbably resulted primarily from measurement difficulties,
arising either in the chamber (small-angle scatters, turbulence, etc.) or in the dijg-
itized microscope,

Seyenteet; eventa fitted more than one éntegory. For example, an event with
xz (1v) € 18 and xz (elastic) < 106 would fall into this group, No significant biases

were found when this group was checked in the same way as the previous group of 49

events. The number of events in this group compared to the total number (1738) of
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evants u@ed represents the uncertainty in separating the three reactions, How-
ever, since this group of e.vent‘ shoﬁra no aighificant bas, theié are too few of
them to affect the errors in the branching ratios,

The remain(ng eventﬁ, wh«ich- fell into several lesser categories, were
checked for blases in a manner similar to that already described, and no significant

blases could be found,

P. Corractions

No bigses were detected as a result of the 'séparatign of the eventsa, Howavex;.
it was still necessary to correct for scanning efficiency and for'uny bias in the
-azimuthal angle, ®. Angle ® lies between the z axis and the projection of the
given outgoing track onto the plane perpendicular to the beam track, where the bea,mv
track is in a plane parallel to the x-y plane.

- Elastic events were treated separately from inelastic events.

i. Elastic Events

The angular distributfon was plotted as a function of the cosine of the pion

scattering angle in the ¢, m, frame (cos@c m ). A cut in the forward direction was

.

made that réqu’ifed cos;(?c m. * 0.95, At the upper limit this corresponds to a pion

scattering angle of 11,3 deg in the laboratory system and a proton range of 0.95 cm,
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. When pxv ojeélteerl onto the tilm, thia angle and range correspond tor 11.3 to 1.5 deyp,
and 0,95 to 0,13 cm, respectively, depending on the ahgle o of the outgning plen,
Now, 1.% dap and 0.13 c:z,ﬁ cbrrgbpcmd very closely to the sina.lieaat angle and track

length that can bo readily detected, Consequently, for coaOC m. 0.95 any % blas

should not be large,

The angulai‘ distribution was divided into several intervals in cosoc and the

* .

‘D distribution folded into one quadrant was plotted for each interval. For cosl,

3 >

< 0,85, none of thece folded- distributions showed a_h'y'bias. For the interval

0.85 = coaoc by, < 0.90 ‘there wan a amall indication of a » blas. The interval

4

0,90 « coall < 0.95 showed a definite, although not vefy large, ® blas. The

. N,
correction appeared to be atbout 21 events for the 96 events that had been observed..
Two hundred and sixty one elastic eavents with cos0_ o £ 0,95 were found in

the film that was double-scanned, i'or the sake of discugsion we will refer to the
two scanners as A and B, Of thae 2061 events, A found one event that B had misced,

while ' found 12 évcnta that A hal inlssed, The latter 12 events 'were studied as a

and folded B, Asaresult, for 0,85 = éoan £ 0,95 the scanning

function of cos( m

c. ny,
bMas corresponded to a % bias, while for clor;(lc . % 0.85 the acanning efficiency did

not depend on foldéd ®, The;efore, for c:o.@{)c. a. < ‘0.85 the usual randqm éca’nnihg
efficiency #nd corroction to the fj.ata wasa cnlcula,tgd'for each column in the histogram
of coaoc. o ." Only throe coilumna had efficiencies of less than 100% and required
corrections, and even these were. small (‘e’:ee Table 1). For 0.85 < cosoc‘ . # 0,95
each of the two columns was corrected for a folded-? blas, These corrections, @’hich
were éix and zi events (see Fig. 7, a and b), were actually made on the basis of the
folded -b» distributions broken down according to acaﬁner‘, as well Ae for the data
collectively,

It was essentially impossible to get a reliable estimate of the error in the
scanning efficiency, since so few events were double-scanned and since the effi-
cienclen for the elastic events showed a cms()c' dependence. Therefore the error

in each correction was estimated as the square root of the correction and was added
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linearly, ans {51 a bHias, to the error in the original dJata,

¥ipure 7 shows the folded-® diatribution, before corrections,. for all
elastic eventr with cosd 3 0.95,

. .

2. (p+ 0) Events

Digtriiations both in % and folded ® were ruade of the outpoing v for various
gscattering anplen of the m . All of theoe were isotrople, Morae ui.gﬁifi‘cant tosts were
the » and folded-n distributiona of the w " for all (p 1 0) events in which the proton
stopped ih the hydrozen and had a ranpe of less than 2 cni,  There \;uere only oix
such events, and they werae :randmz‘nl)r distributed b_atfx in ® and in folded ¢, Thug,
no biases were found Ly looking at the 118 (p+ 0) events ag a'v/hble, Marthermore,
no tias of any kind was found by studying the evento that were don.ﬂ;\le-tac‘.nm;cd.
Therelore, we calculated scanning e‘fi’icicmeieu assurndng ramlm_nnmm.,';‘md cox-;rectcd
the total number of events for the purpogse nf estirmating /branc]'xin;:; rat;l(')ﬂ. Thig
correction was 14 cvents, malking the total number of {p + 0) events 4324:25, The
error, estimated in a manner siinilar to that used for the eiactic events, 1is (4].51‘)1/
/2, | |

It is thought that a.folded-1 bias was seen for the elastic ev*enie but not for the
(P + 0) events because eiaﬂtic scattering includes a diffraction peak which contains a
slzeable fraction of events that ave h.axfd to see, while aingle-pion production has no
such pea}kL |

3. (n ++) Events

The two charged oufgoing particlea were positivé pions which did not stop in
the chamber., Thcrefore, all of the (n ++) events had outgoing tracks: that were long
enough to bhe readily visible on the scanning table, and they did not have to be‘ coplanar,
as in the case of elantic events, Thus, the factora that frequently contribute to an
aximuthal bias were not prfzéent. ‘Murthermore, no bias of any kind was found Ly

studying thé events that were double-scanned. Thercfore, we calculatod acanning
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efficlencies assurulng randorinenn, which jrave a correction of four events to the
total rm;:x}lmv of (n+1)events, This pives a corrvected total of 79x1)1 (n+ +) cvents,’

The ercor is (75)‘/2 + M_)l/z'

12, Normallzation

The total path length of the incident plons in this experiment was not measured,
Instead, exlsting total-cross-section ineapurements were used to normalize the data,

+ '
There arve two recent counter meacurements of the - - p total crosa section over

’

>
the enaryy region of this experiment.l' “ These two experimants show a amall

systeimatic difference in the total cross section as a function of eneryy,

Thc: predent experiment has been normalized to the results of Drisnon et al,,i,l
rather than those of Davlin et ‘a.l. 2 This choice was made primarily Lecause it leadq
to a total clastic ¢rons section ¢hat is more consistent with the result of {lelland et al. 13
However, this decigion in still quite arbitrary,. TFitting a smooth curve to the data of

S |
Drisgon et 21" gives

ot : -
Ototal {w '- o) = 16, 10,8 mb

at a beam energy of 600 MeV,

IV, REIULTI AND CONGCLUSBIONS

A. TFlastic Eventou

After Leing corrected as explained in Section IIIN, the angular distribution

was fitled to a polynomial in cosl

n

da‘/(LLC' _ z a, cos Oc. .
k=0

The least-squares fitting was done by an IRt 704 program, PPALSI, for all values

14

6f 51 in the interval 1+ n < 10,7 The experiniental points are listed in Table I. The

¢rroro in the original dota were taken as the square root of the numbler of events,
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except wlen thore were fewer than 25 c.s';'ent:). in the latter case one balf of the
difference Letween the upper and lower lmits of the 68.3% confidence interval waa
used, as Jdetermined from the Yisason distribution, 15 For nurnbera alwsve 25 thia i
very nearly « N, As explainad in Section lI11), when a correction was a<idl~d to a
column, ita error and the errvor in the original data were added linearly,

‘The \(2 of the fit divided by the number of deprees of freedom is plotter o3 a
function of n, the order of the polynomial, in Tig, 8. From this Bgure it is neen
that the angular distribution is properly fitted by a fourth-order polynoniial, The
anyular distribution e shown in iig. 9,

Inteprasing the area under the fitted curve in iy 9 givés 1310+ 14 ¢lastic
events. The error is that d‘ue to fitting; it iv smaller than (1310)1/2 bscause we have
assumed that a fouith-order polynomial in cosOc‘ m, fits the shape of the distribution,
Using this number of elantice along with the corrected number of {(p + 0) and ( n+ +)

events given in  Section IIID, we normalized the datato q =16.1+ 0,8 mb, This

otal

gave @, = 11,64+ 0.6 inb, Table II gives the coefficients of the fitted polynomial

elastic
in cos, . . The uncertainties given in this table include both the fitting error and
the error due to normalization. The two relativé errors were combined in quadrature
according to the method of propagation of errors,

In Table II the largest 'coeffi.’cie'ntgs are a, and aZ;‘ which is to be expected
since the energy of this experiment is still in the region of the (3/2, 3/2) reconance,
Since coal"i]c‘ m. is fequired to fit the data, angular-moméntum states up to at least
D wave must be present, However, the coeffiéient of cos™ is negative, If the partial-
wavé expansion is termi.xlated_ at the D state and CQuldmb scattering 18 neglected, 16

the cosfficient of cos™0 can be negative only if both D and D are present

c.m; 3/2 5/2
(see Appendix), Therefore; at leadt J = 5/2 contribates to the angular distribution,
rom the curve fitted to the angular distribution of the elastic events (I"ig. 9),

the differential c¥oos section in the forward direction is
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3,4340,35 mb/er,

dO’I(O rleg)/ a .S"I,C S

whevre the error includes both the uncertainty due to fitting and that due tb normale«
ization, Cronids evaluation of the real part of the forwérd~éca.ttering amplitude

from dispersiomrelations ljvtogether with the.optical theorem gives

do (0deg)/dn_

2 2,924:0,42 inb/sr,

The main contribution comes fromn the real part of the forward-scattering arﬁplitud.e.
The error in the real part was taken to be 10% ., The dispersion-relation resultappearsto

be consistent with the experimental result,

B. Branching DNatios

From tho numbers of events already presented and the total cross section
interpolated from the Brisson data, the branching ratios and cross sections were cal-
culated as shown in Table 111, The estimated errors are one standard deviation, The

errors in the crosssections incl‘ude,the error due to normalization.

C. Inclastic Fvents

From this experiment we find
(p +0)/n’+ +) = 5.540.8,

Of the three isobar models thic result agrees best with the value 4,9 predicted by
Olsson and Yodh (hereafter call OY),7 but i8 alnq c«)zxsiséent with 6,5 predicted by
Sternheimer and Lindenbaum (SL), 6, Accoxrding to Fig. 21 of reference 7, however,
experimental data at sligltly higher energies favor the OY model, Bergia et al.
-(IZ’;?'L}S)5 predict (p + 0)/(n + +) = 1.8 at the energy of the present experiment, 7 which
. does not agree with our result, |

1. (p+ 0) Events

" The ' and 7’ mornentum spectra are shown in Fig, 10a and b respectively,
These histograiis are compired to phase space, the SL model (curves ate from

reference 5), and the OY ‘model.-7 The NLS model 18 not shown bacduse it predicts a
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large dip in both pion s pectya, which definitely disagrees with the experimental data,
The OY modrsf fite these spoctra beot, Their n' apectrum fits the data very well;
however',‘ their w' spectrum }la displaced slightly to the right with respect to the
lﬁstogram.

The c:(w’, w’) distribution in ahown in 1’5‘-1;;'.‘ 11a, In this histogram there is a
definite, although not large, peak centerad at 210 MeV, Délit'z plots (not shbwn) of.
the 418(p + 0) events show the very broad maxima of the plon-nucleon isobar, but
they do not indicate aw-n resonance, T_ﬁerefore, it is very unlikely that the ZiO-MeV
peak in Fip, 11a (mansal-i 486 MeV) is a w-w resonance, The peak is apparently a
result of the (3/2, 3/2) plon-nucleon isobar, The Q(Tr".. #7) distribution fita the OY
model v"er_)" well from 0 to 200 MeV; -l.l'o\ireaver, the poak preclict:ed by their xﬁociel‘ is
displaced about 50 MeV with respect to the peak in the histopram. Melther phase
space nor the 5L model fit the experi,n.:\en.lt.al. data, '

The angular distribution for each of the outgoing pardcles i6 ‘shown in Fig. 12,
The angular distriﬁution of the n an compared to the other 'two sugpests that the nt
tends to follow the di;’ection of the prdto.‘u more {requently than the v’ does, This is
what one would éxpect from an isobar model, since the #' forms the isobar more
frequently than the n™ does, |

The dﬁfxtriﬁution of the Openi;mg angle hetween the t\;v'é pions is shown in Fig, 13a,
It is vary asimilar to phasek spaco, | |

2, (n+4) Bvenly

The momentum spectra of the two outgoing plons aré shown added together in
Fig. 14, In this distribution and in the (}('rr'+, w*) distribution there is no ai)patent dif=
ference between the SL model and OY model, 13 There are not enough events to tell

whether the data favor the inoba'r‘r_node‘la or pliase space,

" The Ofn", n") distribution is shown in Fig. 'll_b. Again, there are too few evénts .

to give the shape of the spectrum; furthermore, phase space and the isobar models

make very similar predictions for the shabe of this speétrum,

o
i

L ',“
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The anygular distributlons of the outjolug particles are shewn in Wip, 15, The
diotrilution of the opening angle Letween the two outgoing pions is shown in iz, 13b,

These aru very similar to the correspondiny distributions for the (p + 0) events,

N, Cornparison with other Fxperiments

As'far as we know the present experiment agrees with the previoasly published

K L4
data, 13,19,20 The coefficients for the angular distribution (Table 11) agree very well
with those of lielland ot al, 13 The (p + 0) cross section agrees well with the data of
1o

Detoeuf et al, This depends directly on the total cross section used to normalize
the data; however, even if the present experiment had been normalized to Devlin's
re.'mltn2 rather than those of Lrisson et al. ,l the (p + O)Acrosé cection fromn the present
experitmaent would still have been consistent with the data of Deto'euf ct al, 19

- A hubblechamber experiment very similar to the present one has been done Ly
Tiarloutaud et al.;zo however, they had far fewer events, Their results. appear to
agree well v;/ith the present experiment, The only discrepancy is that they require
only 'a third-order polynomial iﬁ’cfo'sac. . to fit their elastic angulax distribution,
whereas the present: experirnent requires a fourth-order; however, this is apparently

the result of their comparatively limited statistics (339 elastic events) rather than a

disagreement as to the shape of the distribution,

V. SUMMARY

The #' - p total cross aec‘tion at 600 MeV is 71,9+0,8%: elastic and the remainder
is almost entiz.'ely single -pion pr'oduc:tion. To fit the elastic angular distribution, partial
waves at leant up to ),735/2 are required,

The ratio (p + 0)/(n + +), the pibn momentumv spectra for the (p + 0) eventr, and
the C’:(rr!, 7" ) distribution all appear to be quite well explained by the OY moxdlel,” The
poorest agreement is near tf)e high enci of the C.\(TT‘}, w) clistribution; nevertheless fhé
Olsson and Yodh model definitely fito the C',?(v.}', n7) distribution ruuch Letter than does
either phase space or the Sternheimer and Lindenbaum model, There are not enough

events in the (n + +) distrilations to deacribe the shape of thene spectra viith sufiicient
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accuracy, but the obuserved distributions do not‘colntradict either the OY xhodel or
the SL inodel, or for that matter, phase apace, \

© Thus, our single~pion-production,eVents ’are--isuffictentiy Well‘de_acribe;i by»
the OY model to conclude that their principal mode of production is through t_hé
formation of the'N:' 3 l;esonance. A Since the OY &odel is a refinerﬁen@ of the SL rnodel
to which very logical conditions have beén added, one would expect the OY model to
fit the data better, which it does. Although the BBS rx;édel {6 the framework upon
which the OY model was built, the actual BBS spectra do not fit the data,

it would be very interesting to see how well the OY model describes the

angular distributions, Adding a second state to the production of the iaobar might
improve the fit of the W' momentum spectrum (g 10a) and e'épeciany the peak of the

C)(w+, n”) distribution, However, this could make the caleulations prohibitive,
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ATPRIEMNDIX
For the m.:at'vtm-ing of spin-zero and.apin-one-lmlf particles, there is a non-
spin=fip amplitude ((9) and a spin-flip amplitude g(8). The partial-wave expansions

. 3
are:
o0

|

(o) = 1/k )[04 + DAY+ IA5] P (2080)
=0

)
.

and

|8

W0 = 1/ ) (aY = A% Bl (coso),

i

-
L

W

where

eyﬂp{zigg 2 fe l/zJ 1
A ‘ - S sl - S . - 1-

The f‘; ate the ¢orplex phase ashifta., The differential cross section is given by

a¢ .2 i . (2
T e ;
when the spin-1/2 particles are unpolﬁrized.
Coulonib effacts hz’;v‘e been iieggieéted; 16 Also, since the 7 p system is in
a pure ’:I? = 3/2 state; the iéotc}picaﬁpin label has been supp‘reéeedi
Terminating the series at ?- 2 and then subatituting into the equation for the
4

differential ¢ross section givea for the coefficient of cos 0

8 g At (2 e e VB
'45/4-k (1A, 17 + 4eA, Ay ).

3

difference between them i6 greater than #/2. Therefore, states up to at least the

This expression can be hiegative only if both Aé and A, are nonzero and the phase

: DS/Z state must contribute to the elastic angular diatribution.
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Table 1. Experimental data for the elastic angular distribution,
SR B TR S _— s,
Interval Number of Correction Final number Unéertainty
in cos G)c. m. .events observed of events {(events)
-1.0to -0.9 5 5 2,77
-0.9 to -0.8 8 8 3.35
-0.8 to -0.7 11 11 3.84
~0,7 to -0,6 -9 9 3.52
«0.6 to -0.5 9 9 3.52
-0.5to -0.4 0 0 0.92
~0,4 to -0.3 4 4 2.53
«0,3 to -0,2 8 8 3.35
-0.2 to -0.1 10 10 3.68
-0.1t O 14 14 4,26
0 to 0.1 27 27 5.20
0.1to 0.2 41 41 6.40
0.2to 0.3 62 62 7.87
0.3to 0.4 , 66 66 8.12
0.4to 0.5 128 3 131 13.04
0.5to0 0.6 144 144 12,00
0.6 to - 0,7 157 1 . 158 13.53
0.7to 0.8 179 . 8 187 16.21.
0.8to 0.9 201 6 . 207 16.63
0.9to 0.95 96 21 117x2 14.38%2
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Table I, The cosfficients of the polynoruial in cos 0, ., Hitedtotbe elaatic

angular distelbution. The errors laclude the uncertainty diis to

normaltzation,
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Talkle III. Branching ratios and cross sections,

Number of events

R.e‘a’ctio‘n B Obgerved After | Branching - Cross
: : corractions ratio section

' (7o) {mb)

wip= x4p 1245 131014  71.9%0.8 © 11.6+0.6
wtipin 418 432425 23.741.4 3.840,3

wrns+ " 78 79x11 4.340,6 0.740,1

all others 6> . 51 < 0.2

35ix events out of 2494 had more than two outgoing charged prongs,
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Fig. 1, '].’b.ﬂ two araplitudes for the reaction wy p - oty p+ " formed vith the
(3/2,3/2) isobar,

Fig. 2. Layout of the separated vt beam. The n' beam from the target (T) was
focusrud by the quadrapola (.‘.l onto alit .':51. ‘Tho momentum was sclected by
bending magnet fﬂf!“fll, And tha subseguent naes uel'..s.ara.tion by the croased
electric and magnetic fields in spectromaeter .‘.SPI. The second staje wan
eawentially A mirror image of the ret,  The steering mapgnet 37 was
introduced for additional freedom in the horizontal plane. lorizamtal aud
vertieal collhinitore are ()

ad Gy . respectively,

hoiiz JUN

Fig. 3. Histogram of the measured momentim of the tucoming plon of the 1245
elastic events and the 493 sinple-plon-production eventa, The arvows
indicate 725 = 13 MoV 'c,

Mg, 4. The coordinate systerm used in TOO-CLOUNY-FAIR, The z-adds points
towarca the cameras, |

“Fig., 5. E'llatogranﬁ of ‘(Z for thao :,-,*.'l.s.\eatic eventy, The cutoff was eaet at XZ = 30,0,

There ;re 1245 @vﬁnta with 1?" W 30,0

g, 6. FHistograra of \(2 for the inelastic avents, The cutofl wan set at v_d = 15,0,

Thore are 493 events with '\(z' < 16,0,
g, 7. Histograme of the foldird-% dutribution for the elastic events with

.« {a) 0,85 = canc. i < 0,90 (107 events ‘ol-sserve‘nd), () 090f c:on(f)c m.:-‘é.' 0.95%

‘ *

(96‘ events obaerved), and {c) coaf - #0,9% (1179 events observed), The
eoliﬁ lines a.tje the obnerved data, The dashed lnea show the corrections,
Folded s = 0 dep lies in the plane perpeéndicular to the filin plane,

Fig. 8. Chi-square divided by the number of dégrees of freedom for the lcast-

gquares fit.of the polynoinial in ccmoc m. 'O the elastic angular distribution,

plotted as a function of the order, n, of the polynomieal.
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Fig. 9. ‘_ The angular distribution of the elastic events. The amooth cu‘rve is that
of the least-aquares fitted polyndnﬂal of fourth order, It is fitted to the solid
line histogram which runs from -1 to 0,95, (See Ta'ble I.) The dotted-line
matogram shows the data before correction, The resolution of coaec. m, is
less than half of the cell width used in the histogram,

Fig. 10, Momenturn spectrum of the (a) 1r+'and (b) n° for the 418 (p + 0) events.
Solid lines are for the iaobm" model of OQlseon and Yodh, 7 the dot-dash lines

5,6

are for the Sternheitner and Lindenbaum model, and the dashed curves
are phase space. All curves are nérxnalized to equal area.

Fig. 11. Distribution of the C value between two outgoing plons for the (a) 418
(p + 0) events and (b) 75 (x; ++) events, Solid lines are for the Olsson and
Yodh model.7 Dashed linas are phase space. The dot-dashed line in (a) is

1.5'6 In {b) the Sternheimer and

for the Sternheimer and Lindenbaum mode
Lindenbaum model and the Olszon and Yodh model are congruent, All curves
are normalized to the area of the corresponding histogram, |

Fig. 12, Distribution of the cosine of the c. m. pcattering angle of the (a) 1r+, {b)

17)

, and (c) proton for the 418 (p + 0) events, ' ;

Fig. 13. Distribution of the' opening angle between the two outgoing pions in the
reaction's ¢, m. frame for 't,he (a$ 418-(p + 0) events and (b) 75 (n + +) events,
Solid curves are phﬁse 'ap’ace.

Fig. 14, Combined mo.mentum épectra of the two 7' mesons for the 75 (n ++)
events, Thus, there are 150 points in thise histbgram. The solid curve is
for the Olsson and Yodh modeljand also the Sternheimer and Lindenbaum
model.18 The dashed curve is phas.e space, All curves are ‘normalized to
equal area, |

Fig. 15, Iistogram of the cosine of the c. m. scattering angle of the (a) two out-
going #' mesons and (b) outgoing neutron for the 75 (n + +) events, There

are 150 points in (a) and 75 points in (b).
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

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

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

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





