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ABSTRACT.

We pre°ent the results of an experlment to ‘study the
reéctions 77p. > maN at 1n01dent momenta of u56 505 and
552 M&V/c in . a hydrogen bubble chamber,. The‘mOSt promlnent
featurcs of the data in the a W n final state are a hlgh-

+..
upectrumy (which moves upward in

masg pedP in ‘the M (o
mass and becomes less siynlflcant as the incident romentum
1ncreaqes), and A~ productlon. We show that the -m o~
enhancement can be explained by the 1ntroduct10n of an

I;:.J = 0 7w 1nteractlon, and 1nveot1gate two forms for

this interaction. Within the framgwork of an isobar model, we derive
vaiues of  the ﬁN’pamtial wave inelasticities and compare‘these w;th the
predictions of nl¥ elastic phase%shift analyses. It}is shown that the ‘
brapching ratio =l : ‘mA : ol of the Pll partiéi”wave.depends strongly

on the assumed form of zmw final state interaction.
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I.. Inﬁroduction

. This paper describes the analysis.of new data on the reactions

p - T p and 5 p - qtnN (chiefly n T n) at 1nc1dcnt momenta of 456,

. 505, and 552 Mev/ct

In pxevious ¢tud1e° of these reactions at similar energie° (1] [2]

‘a brOad enhancement vas observed, at about 400 MeV/c ,‘in‘the.ﬂ '

mass' spectrun which was absent in ﬁhe-ﬁfno distributioﬂ. It has been
avprincipal purpose of this expériment to’cbtain-suffiéieht statistical
accuraay to enable a detailed analysis of these flnal states to be made
and to {ind an explanation of this effect. At thg sgme time the unaly—
sis,provides informatidn;~which was previously lacking, on the partial
wafe_inelusticitieé'andAbranching ratioé of the.nN system‘in the mass
raﬁge 1338 to 1402 MeV, c29 -»(Wbrk‘in.progress will extend the range

to 1300 to 1520.) At thesé energies the only inelastic channels are

to three-body final states, with cbnsequent uncertainties_in intefs
preﬁation, owing to thé need for a model if useful'information'is to -
be oﬁtained. Pion-nucleon s-cfannel pfocesses ére expected to domi-

nate at these low energies; there is no evidence of the presence of

" exchange mechanismsg.and 50 they'have not been considered in the analy-

sls. The so-called "isobar model" [3] is used here.

In the model coherent productlon of sA and No 1s assumed, whcre

cisend =J = O state of two pions. The formulation of this model,

‘and its inherent diffiéulties, are discussed in section IV.. The data

are described in uectlon II; the elastnn differfntlal Cross- sect1or and



1nelasticFCrose;section determination are dealt‘with in
section.II.z. Section III gives the results of a model-
independent moments analysis. The‘ieobarAmodel is fitted
to the ‘data in section'V In section VI predictions are
made of N partidl wave inelastloities and compared with
those of olastic phase shift analyscs and in section VII
the P11 branchlng ratio is calculated Section VIII

summarises the conclusions of this work

II. Expevnmﬁntel detail° and data

Ii.l : The exoervment

The Saclay 180 litre (80 cm) hydrogen bubble chamber was.
exposed to 1ncldent negatlve plons at the NIMROD accelerator of
the Rutherford ngh Energy uaboratory in november 1965 and Apr11
1967, In the exposure 145,000 pictures were taken at 456 Mev/c,

85,000 at 505 Mev/c and 45,000 at 552 Mev/e.

Especially at the loweet momentum, contamination of the
beam.with electrons.and muons was a serious problem and
to eliminate elcctrons in the run at 4sé MeV/c a 1/8" Pb
foil was put in the beam at an intermediate focus., A
bending magnet femoved degraded electrons from the beam
oefore.it entered the bubble chamber, ‘

Scanning and measuring of the lower momenta film were
done at Oxford University Nuclear Physics'Laboratory; the
552 HeV/c-exposure was processed at the Lawrence Radiation

Laboratory, Berkeley. Measurements at both laboratories



were made with image plane digitisers having setting
accuracy about seven microns on film.

'The reactioﬁs‘giving>rise to’two-prohg.events'are

Tt p:'fa @t + D . (1)
e +p 9 7 +p + a° (2).
) , o N :
m o tp o @ +w +n o (3)

Of these the elastic scattefihé (1) is most common and reaction (2)
is the farest; having only abéﬁt'oneéfifth the number of events of reac-
ﬁion (3). The cross~;ectibn‘fofbfdur—prong events is very émgll (less,
thaﬁ'tcn evenfs éeen), and contaﬁination of reaction (2) by cases of

ﬁ-pﬂogo is'en%iréiy negiigible.

"The film wifh the lower mbmenta incident pions was

prescanned to select examples of the reaction o p > 7 n
among the much more numerous elastic scatterings; criteria
bésed on bubble density andvcurvature of the poéitive
tracks readily permitted elimination of events with proton
rather than 7" tracks. In case of doubt the event was.
“méasﬁred;v In all sﬁch situations, kinematic'idéntification
-ofvthe tracks providedAan unambiguous selection. Sinéevit
is not possible to select examples of w'p‘%f # 7°p using
'bnlyfvisual critefia:and it was not feasible to meaéuré‘
all events ( ~. éo,ooo at 505 MeV/c, ~ 35,000 at 456 leV/c)
fthe data at these two momeﬁta ére restricted to the 7 n
'ch;ﬁhel and, in the 505-MeV/c data, a samﬁlé of other events randomly
‘Selccﬁed. This group includes elastic scatters and a small muber of

ﬂo production events.

-
fi



AL events were measured in the film with 552 MeV/c
incidént pionsob‘Thbse data contain events in boﬁh inelastic.
dhaﬁﬁels, as well as elastic scattefs; Part of the film.

was scanned twice to provide a measure of the»scanhing
efficlency for different classes of events. After eliminating
evénts not satisfying 1ncident'tréck momentum and entrance -
~angle criteria, those outside the chosen fiducial volume

and with confidence level < 1%, there .resulted the numbers
of events,in3thenvarious final states, listed in Table I.

The 528 examples of wu'p, at the highest momentum, were
se1e§téd using the Standard'techniQues of selectiOn_based

on consistency ofvthe measured quantitieé with the.abpropriate
kinematical constraints. In cases whére the identification
was ambiguouS’between-an:inelastic mode and an elastic, |
the event was assigned to the elastic category. These were,
smail.enough'in number so that there is no significant
contéminatipn,or_loss; of eﬁents in the.ﬂ’wop data [5]..

,No physicall& significant blases were discovered, iﬁ,a
thoroﬁgh search, except in the elastic scattering data, in
which>extreme forward and backward scatters are sometimes
difficult'to see, The elastic scattéring data in section
I1.2 are given after correction for scanning losses. The |
correcﬁion is reliable except for cos@ > 0.9 (8 is the
écaftering angle in the>centre of mass). A fullervaCCOunt'

of the experimental details is given elsewhere [6].

11.2. The Elastic Scettering and Crossw—section Normalication

In figures land 2 the distributions in cos® for clastic
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scatters at the two hlgher momenta are shown [7].

To obtaln total cross 0ections for 1ne1astlc reactions,

we normalize to the elastlc scatterlng differentlal cross

sectlons of Ogden et_al.

[9].

This procedure is more reliable

than incident beam track counting, first because of the

unknOwn contamination of electrons and muons in the beam ﬂrd

second the relative scanning efficiencies can be evaluated

better than the absolute,

The cross—sectlon in the range <0. 9 < cos 6 < 0. 5, whicli is least

affected by scanmng losses. and varies slowly with incident momentim,

vas interpolated between the Ozden data. The, results are given in

Tablev II. For information, we-include the 1&56 Me_V/c inelastic cross-

sections from the compilation of Yodh [10]. Our values at the higher

momenta are in .excellent a'gzjeemc'nt'with the data of this compilation.

I11.3 The threc-body final states

A twb-to-three-bbdy reaction is described in its

:We choose a right-handed axis

,centre-of-massvby five kinematic vafiables (ignoring spin).

system in the final state,

with the xfaXis along the outgoing hucleon, and the z-axis

alongvﬁN X ﬁﬁ where ﬁh'and?ﬁ ‘are the outgoing momenta

+_l . . - 0
T n, or T ln W W P.

of the nucleon and 7", in

'Five independent variables are

12

s , the centre-of-mass energy

m__ » the invariant mass of particles 1 and 2;



m 3 the invariant mass of particles 2 and 3;

25 ‘ .
cOs’() 9 whereGE is the polar angle of the incidént % with respect
’ to the axes described above;

e -, the azimﬁthal-angie of the incident w=,

_ The angies have been used by previous auphors [il] [12] [15]~[lh] [15] (16].

" Other variables may also be defined, viz.

”'miB = the invariant.mass of particles 1 and 3with
m2 ;.mz + m2 = '8 + m2 + m2 + mz
12 23 13 : 1 2 3

and cos6 cos6 00353, the cosines of the production

1? 2!
ahgles of the three final-state particles. By production
angle wé mean the angle, in the centre-of-mass, between
thé direct1ons of the‘incideﬁt‘w’ and the outgoing particle.
’ - Figures 3, 4, and 5 show the Dalitz plots for the awn
sﬁabe at‘each of the three energies. At a2ll energies a strong

t effective mass and large

concentration is seen at large # @
ﬂ’ﬁ‘éffective mass, Projections on the Dalitz plot axes,
the w*ﬁ’ and 7™ n masézdistributions, and, for complcteness,
the #'n masszdistributions, are shown in Figs. 7, 8, 11,
ahd_i2. The peaking at high n~w' mass is evident at all
ihfeeAenergies. The #™n distribution shifts toward high
masses af the higher homenta. These features of the mass

spectra were already prominent in the early‘results of Kirz,

Schﬁartz, and Tripp [1] and led to speculation about a



pessiblerI =0, J = O pion-pion resonant final-state'
1ntefaction. A difficulty with this‘simple interpretation
1s4that no clearly,defined peak abdve a-bbntinuqus background
eppeers.in the mass distributions. Indeed the maximum in
_the'nfw* rmass spectrum moves with iﬁcidcnt energy so that

it is‘not‘possible to define_a mass for'the cohjectured
resonance. A more sophisticated formalism, including effects
fof eoth"WW'and 7N .final state interactibns, is reqhired for
a satisfactory interpretation of the data.

" Figures 6, 7and 8 show the 552_HeV/c w-vop Dalitz
plot‘and effective maés distributions. Compared to the
n’n+n data, there appears considerably less evidence for
final state interactions. Neither the mr or 7-N mass
distributions shoe strong peaking. ~This indicates that any
strong 1nte"dctwon rust be in the isotopic spin zero
state. Differences ampng_the pion-nucleon mass spectra in
‘the two final states can be simply undersfood7as a feetﬁre
of the production of-the A (1236) resonance. Isotopic‘sbin
‘censervationbselection rules strongly_faQour production of
the'negatively chafged isobar and so eﬁrohgest peaking in.
the 7 n mass spectrum, as observed. o

The distributions in the angles C) and ¢ the

angles of the incident pion direction with respect to thre

,"body-fixed axes defined above, and the productlon angles, are shown in

Figs. 9 to 12. Both the = r+n and T 7 p data are presented. Illo strong

: departtres from isotropy in the. cos distrlbutions ere noted. Kowever,
~ the azimubhal engular distributions are strongly non-isotropic and un-

. pytmetric, even at the lowest



energy of ‘the w’v+ﬁ state. This non-isotfopj»is also .present
‘in the % distribution for the n~n°p data but is perhaps
not'aé clearly established because of the sevefe statistical
uncertainties., An immediate conclusion is that at least
two angular momentum étates of oppoesite parity contribute to
the pion production., R X '
‘The production angle disfributions shoﬁ no strdng forward
or baékward peaking. This suggests that an s-channel model

will be particularly simple and involve oniy a few partial

waves, There is no reason to consider t-channel models.

ITI. HModel independent analysis.

Some indication of the magnitudé of the various initial
staté angular -momentum waves present may be inferred,
independently of any dynamical assuhptionszfrom the coefficients
invan expansion of the production intensity in a series of
sphefiCal harhonics, With the variables{),&?,

4! m used here, this ic

' N

o . X [BRET N *
- 1 n - e ‘f m 4 @) .
. Wi, @’rrﬁwﬂpﬁN) %if J b !K(mﬂw”mnN)YKM(CL.@ )
. T

‘The.expansion coefficients wg are functions of position ih

the Dalitz plot. In principle, a good representaticn of the
experimental results is provided by the dependence of these
coeffibiénts upen positicn in Dalitz plot.,. Also, differencés
in partial wave contributions to J production and /A production

may be noted by the variaticn of these parameters from, for
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L]

insténce, ;arge'ﬁw maés to large N mass, Unfoftunately

the statistical.uﬁcertainties in restricted groupings of the
daﬁa'are too °evere‘tO'pérmit‘conclusidns; and sO we only
give the coefflclcnts for the cowolete samples of Odhoa'

Table 11T gives the values of the WK and -their errors

for X £ :5. All higher momentsvare, within the erfdrs,

cOnsistent with zero, ' Those moments not given may be

‘determined from the relations

-M‘ ‘ M M *
W - = -1 Y

K ( ), K

” .
wK- = 0 if (K + M) is odd.

_The relatlonshlp between theqe coefflclents and the partial

wave amplitudes is not. very transparent [11] [1?] (23] [14].

vOnly qualitative conclusions about the contributing angular
momentum amplitudes may be inferred from the values. of

- these coefficients, 1t can be seen from Table IV, giving

the confidence levelé that particularvmoments are zero, that
all’wg with Kr= 1, 2 are non-zero, The wi coefficient is a
sum of products of initial state angular momentﬁm_wave
émplitudes, withveaéh term a product of opposite-parity

‘amplitudes. lhus ‘the inel t‘( recactions proceed from at

least two initisl-state ’states of opposite parity [17] .. Only angular momen-

- . : M ' .
tum states wvith-J > L + l/é_contrlbute to the ng moments. The meximum totzl.
engular momentun with significant emplitude may be obteined divectly from

the knowledge of the maximws value of K in the sphericel harwonic series.
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As can be seen from Tables III and IV only’ﬁhose mements
with K é L are 51gn1ficant1y dlfferent from zero. “There

is therefore no need for both D5/2 and F5/£ waves, In

sub equent analysis we have considered only waves of<J < 3/2.

IV. The Isobar Model

IV.1 Géncral remarks

Because of the low centré-of-mass energy, the natural _'
fbrméliém to consider is an s-channel partial wave analysis.,
The maSS2 spectra suggest that the 7 7 n final-state is
dominated by /\ resonance production, and perhaps a wr -
interaction, This situation suggests application of en
"isobar model", If the two=particle to two-particle amplitude
is dominated by.resonances,'(this is referred to as the
“separéble“ approximation, since the transition amplitudes
seperate into e factor depending on the initial state only
and bneldepending on-the final state only,) then the two~-to=-

three particle amplitude can be expanded in a series, which

canvbe written diagrammatically as in figure 1. If one

cuftails the series at the.first term one has the "igobar
model" [18] [19] [20] [21]. |

| The second-order "rescaﬁtering" graphs are usually small
[22],'exceptvat low energies. Anisovich and Dakhno [Zj] have
suggested that the high-mass ot peak in v+#'n is due to

destructive interference of the rescattering and isovar terms

»at,low"n*nﬁ masses. Anisovich et al. [2&} have fitted tne

. data of Batusov et al. [25] with a series of terns, which

include a mm rescattering vertex but nct ww ‘isobar production,
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Iﬁ this paper we fit the da@a using only the first-order
(iéobar) ﬁérmc' Any residual discrepancies hetween the iﬁobar
model pPCdJCthnS and the data mzy be due to the rescattering
terms.

In the- formulation of the model used here, allrangulaf

,momentum, 1sospin and interference effects are taken into

account. Such models have-been described by Deler and-
Valladas [15) and Namyslowski, Razmi and Roberts [26]. The
formalism used here s conceptually similar to that of'Deler

and Valladas, and so details of the derivation are not given.

»IV.Z. Formulation of the Isobar lModel

The production of an isobar of particles 1 and 2, with

»Qpin J 12 and orbital angular: momentumzl2 is described in an

angular momentum vase (12 3> [26] [27].  We quantise

' Z = relative angular momentum of 1 and 2;'
= total angular momentum of 1 and 2,

L' = relative angular momentum of 3 and the (12)

system in the overall centre-of-mass and

J = total angular momentum [28].

The matrix element for production of a (12) iscbar

involves only one value of'jlz and él”'

N

- Production of a (13) isoba r is described in terms of



{1,

lev‘ 13 'y J.  This basi; ié not orthcgonal "co'jl2 Lo L'3 J.
We-arQAtherefore 'double-counting' to scre extent. The '
édvéhﬁége of this échcme is that we sinply méke use of the
_isotbpic spin relations between N\ “'production.in the

l(ﬂ‘ﬁ)ﬁ+> basis and [§+ production in the)(w+n)ﬁ->

baéié; ?Thé ﬁhree-body production amplitude is then a sum

of amplitudes for the three processes
N > 7 131 N s A o WN‘Q No

2 1 : .
> ni.+,N _ , {——é-ﬂé + N L—& I

Including all kinematic factors within the definition of the

matrix element the differential cross-secticn is

. ‘ 2
: JLLY.
aLLO_ — TI - . (WA 1)
dnZ dm° decostd & 2 MM, JLLT :
1 - ? :”-—‘ P S N ‘J) Tv}I:J' -' N
12.  ;3 _ S N T;J | (1TA 2)J
+ \ JLL
[ " (o 1)

JiL'
where the sum over final nucleon spin Mg andvaverége over
initial spin M are indicated, 'he axls ofiquantization in
each case is the z-axis defined in section I1.3., Each
amplitude is to be understood as dependent upon M and MS,

k] ]J L '
though not explicitly indicated by the nctation. Here T-.
g . X . .. n

7

are thé partial wave projections cf the T-matrix for
A -production in the state with total isotowic spin I, J and

L' have the meanings above and L is the relative angular
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momentum in the ihitiai'state. rILLY are the amplitudes for
production of an I ='O,ZJ = 0 dipion isobar, o, (see section

IV.4) in the I = 1/2 state only.

IV.3 The w/\ Channel
" We write the isospin decomposition of Tp > w1

JLL!

T (w A

. )

1 31 1 % 3/2 1 3/2 1 JLLY .
t 1
Aray Iy gt a

1 1 2 1 3

where q_, qN amiq are the 3rd components of isotopic

ﬁ.
spin of the incident.ﬂ’,'ihitial and final nucleons and
' Qs q2 are the charges of final state pions 1 and 2, and A'l

is made of #, and N.

)

1
_ Factors containing the angular dependence of the
1 . ’
TgLL‘ (w /A ) are separated out as follows
JLLY o JLLY oy JLL! .
T (mh) = 1 (% my) £ (@, T, e, s
‘IMMS : I : : MMS
S _ 3 JILY, %
" -where the suffices M and Ms'have been reinserted, Tl (s LN

is a reduced'matnix'element of the Breit-VWigner form for A

final ‘state interaction together with an angular momerntum
: - S %
barrier for ‘A -production at total c.m. energy ‘s ..
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The form used hére is [29][30]

' ' o
J’LL'( Lt 'wO ro 4 (qo),
T “{s®,m, ) ap : ’
E T SR EEER

Yo

where p is the momentum of the N in the centre-of-nass and

q is the momentum of the final. o and N in the ‘A rest-frame.

The numerical factors are

we = 1236 MeV
Iy = 120 Mev
Qo = 225 MeV/c.

Only the proportionality sign was kept and kinematic factors
depénding only on s were not retaihed since we made cne-energy
fits and normalisation Wasvtaken”frOm experiment.

. The angular dependence is 1in the term

CJLL

(), 8, e,
I o )

x ‘ .
0™) where & and § are defined
3 T s ‘
Aa lS ] - e -

above, In this section the x-axis is arbitrary except that it

must be in the final-state plane. Other angles occurring are
¢y = azimuthal angie.of- A in centre-of-mass

6" = angle of the pion in the A rest-frame defined

O : .
as © = 0 with the two pions travelling in opposite

directions in this frame.
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. S ] 2 ,
These variables depend on n? 5 M9 anda ¢ .
. . mn 1] X T,v,]r'

Suppressing some coefficients;

gLty L% 4 Lt 32 J
£ = c c _
\ it v M Mt 1. +M
MHg W FTm My w () ML+M) ()
Mg
1 F 0 3/2
x C N
UM q '
gMg Moo
. .
XY (©,0) ¥ ' (m/2, %))
7 EE LM N )

L

{w/2)

>

Y (6.,0i" a
i .
m w2’ M)

X e

- In table V the explicit forms for M = 1/2 for various
bartial weves are given, The notation used in labelling the
'ipgftialvwayes'is LL! (2J)‘(211; if i = 1/2, the last term is
omitted. Waves permitted by angular moméntum and parity

" selection rules are then
sbi, PP1, PP3, DS3, DD3, DD5, FPj5

-and higher waves, for I = 1/2 and I =.3/2.

From this angle-dependent formula, the following relations
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are deduced

(1) L' + M, + M - M is.even

L S
(2) M'S . Ms i 1 I
St JLL! ' a2
‘MNS - =M<Ng : :
M-Mg -
x (-1) s

Fufther, waves differing in total angular momentum or oarity

do not interfere in the Dalitz Plot or its progections.
Effectlve mass distrlbutlons depend strongly on the form of

the angular dependence of the decay dlstribution.v For instance,
oecause of the (1 + 3cos 8) decay angular distrlbution of the
isobar the spin -% waves glve w+w ma332 spectra sharply peakedv
at both high dnd low ends. .In_fig..ls the (mass)2 spectra

due to various A,-proquct1on waves are shown‘for 552 MeV/c .

+ -
T m n.

IV.4 = The No Channel

A. The 7mr_s-wave phase shift 8o

The bikia 1nteract10n, o, is described in terms of the
I =J = 0 7w phase shift 850 ¢ " There is, unfortunately, ro
reliable experimental information on 7w phasé shifts below
'SOQ MeV, 1Indeed, experimentally, mr phase shifts can he

measured only in situations with one or both #'s off the mass-

'shéll. The method of greatest success has been the study of
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the reaction'wfp > 7wl and nw[&, using Chew-Low extra-
polatnons to iqolate the one-pion- eychange contributions [31]
[32].° This work has indicated that 80 passe° near 90° near
720 MeV total #w energy. It is a matter of interest to determine
thé explicit dependenoe on energy, [32] [33] partjcularly near
threshold where some theoretical culculatlons are available,
However at low mw-masses there are so few data that no
conclusions can be drawn [3&]-, The.same_defect holds in the
theorotically cleaner study of Keu decay [35]. Other methods
such as the study of K > 3w [36], and i 3w decay [37]

and the rates for Km2 decay [38], are of ambiguous inter-
:p?etétion.

| Some ‘direction provided by theoretlcal argumonts was

followed The work of Morgan and Shaw [39] is of particular
interest as it relates the mw phase shifts below 500 eV to

the width of the resonance;at 720 MeV, Two extreme cases arc
distinguished, viz. a resonance oidthbof about 200 MeV gives

8'06 small ( < 150') up to 500 MeV and -a'width abou: 800 MeV
gives 8 rising smoothly from threshold up to 500 at 500 MeV
The results of- a recent calculation by Lovelace using an |
lamplltude of the Veneziano type gives ww phase shifts of
this second form (with-scattering length ayy = 0.29 wal)
[40] [u1]. - |

| Two forms of 8., were used as ww {inal state interaction.
'faotors in this work.  First, a form having zero-scattering
,lehgth increasing approximately as qjvfrom threshold (called
here fqe C (cube) form) and secondly the Veneziano-Lovelace

(V) form of 00 Both are referred to as a oustato without
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implyiné.a low mass i ;tJ'= O resonance. Figure 16 shous
>the energv dependence of the two forms used p-meson production
(I =J = 1 7w palr) was not'con51dered At the mm maesese
»accessible in this experiment (g MX)Mer ) 5 it is now believed
[39) [b,O] that the p-wave phase shifts are small (below 5O at
500 MeV), Avsecond, Dpost iggtg,;justifieation in ignoring
p-production is that one can fit the 7 7°p data, ‘to which the
o does rnot contribute, wlth T\ production alone (see section V).
‘ The Watson final- state interactlon [30] factor in the
. productlon matrix element was used, That 1s,3'

LI. _i ' - ”»-l:

where L! 1s ‘the relative angular momentum of o and N p is
their relatlve momentum and q is the 7 momentum in the dipion

rest- frame,

B." Isebar fermalism for No -

' In a manner slmilar to that for the #/\ process (sectlon‘

Iv, 3), we write the production amplitude for the

7N o> oN

mechanism,

JLL! JLL? 1 JLL!
T (o) = T (s, m) £ (@, F)
'-MMS ) MMSv
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r (@, 0) = c . Y; (® , ¢
' ;L J
Y (n/2,7) = ¢C
L'H'y, vhr wromg o omg
with M'p = Mo - Mg
Myo= M+ M

The x-axis in this equation is along the neutron direction.
Table VI gives explicit forms for the allowed partial

wave amplitudes, only from states of I = 1/2,

SP1, PS1, PD3, DP3, DF5, FD5.

- V; Determination of Partial Wave Amplitudes

V.1 Fitting procedure

Distributions in eight variables, the three effective mass

squared combinations, cos®, § and three production angles,

were fitted. Theoretical_distributions'in these variables

were cbtained, usiﬁg,Monte Carlo techniques; for particular

values of the complex amplitudes multiplying the factors discussed

‘above , for the following set of partial waves :

w/\ :  SD1, PP1, PP3, DS3 and DS33 [L2]

o : SPl, PS1.
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Bést-fit values of the amplitudeé and phases were obtaincd

by minimizing -

2 z{:: Nfexp)A- N(theofy)'

(theory)

Vwith_fﬁetsum taken over all:bins of the eight histogfamﬁ. The
theoreficél distributions were normalized fo the totai number
. éf eveﬁts S0 that'aﬁsolute cross sections were not inclﬁded as
data to be fitted.

In making slmultaneous fits .to the ﬂ*ﬁ n aﬁd ™ ﬁ el
dlstrlbutlons at 552 MeV/c, the number of e ﬂ p events was
arbitrarlly 1ncreased by a factor I to give the two sets of

data approximately equal’ statistical weight [43].

V.2 Results of fit with w0 Channel only

V'Both # 0 and oN channels were shown to be neéessary
beqaﬁsé of @He poor fits with predictions.ofvthe isobar model .
without the ¢ intermediate state., A fit with only w/\ channel
amﬁlitudés was unsuccessful in two important respects. The )
high mass #t#~ enhancement in the wﬁﬁ_n final state was not
reproduced. No combination of partial waves yielded a high-
mass peaking without at the same time requiring a low-mass
peak (see flgure 15 and the rewarks at the close of section
IV.3). The absence of interferenc , in the mass spectra,
bctﬁeen waves of different J or P enables one to maké this

statement with confidence. Further, the branching ratio

Slato ™ n) /6w n%p) at 552.Nev/c is not given correctly. The
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experimental ratio is significantly larger than _that

obtalnable from any partial wave, as snown in Teble VII., Mo

'mlxture of waves .can Droduce the ‘observed cross sectlonQ‘

It is clear thét SOme mechanism other than w/\ ‘production

'contrlbutos substantlally to the W+W n state and causes the

: +
dlSMﬂbutloan the 7w 77 effective mass spectrum. Satisfactory

_fits were obtained to the w"pwo data however with the o\

mechanism alone. Thus it is indicated tha :t there is no

.significanﬁ effect due‘to I=1, J =1 p meson production so
:that the 51gn1f1cant mir final state interaction is likely

_in the I = O state,

V.3 Besults of fit with #{ and o¥ Channels

A sequence of fits to the data with the pfedictions of

the isobar model following the procedure outlined above was

made with both the C and V forms of uw phase shifts. This

-included

1. a fit to both final states at 552 MeV/c.

. 2. usihg the results of these fits as starting values, a

fit to each data sct individually.

This procedure should find in case (2) a solution similer
to that in case (1), if it exists. Questions of uniqueness
have been evaded.,

In Figures 8 to 15 the-theoretical predictions using

.best-fit parameters are shown superimposed on the experimental



histogfamé and in table VIIl'fhe partial wa?e éﬁplitgdes
and f}(? per degree Of;freedom of the fits are given.,

The normalisation”is to one event in 7w n af each
energy (i.e. aP3 = 1 if the reaétion proceeds entirely through
PP3 ete.). |

The parameters obtained in thevfits are : !

PP3 amplitude

aP3 =
aD3 = sum of DS3 and DS33 amplitudes
~= DS3/(DS3 + DS
Phig 3/( 3 33)
.asi = (SD1 + SP1) amplitude
- = SD1/(SD1 + SP1
L /(S )
a = (PPl + PS1) amplitude
‘P1 - .
T = PPl/(PP1.+_P81)
pPPl P/

together with thé phases of the-various waves. These variables
were chosen as they are SUbstantially uncorrelated, so that a

simple calculation of the errors suffices [hh]. Since the

'phaées show very little encrgy dependence, we do not quote them

inAthe'téble.

The notation used iSFC and V for simultaneous fits to

.’_ - O .
7wt n and 7w p at 552 MeV/c, and C55, C50, CL45, Ca° for fits

to one data set only.
Examination of the graphs and )Qz per degree of frecdom
shows that whilst all the principal features of the data are

accounted for by the model, there ars some residual discrepancies,
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'pérticularly in the angular distributiohs.: The sharp high

7~ n mass peak in the theory, but not in_tﬁé data, is probably
due ‘to the’negléct ofithe spread.in'beam momentum in the
Monte—Carlo calculation,

In all cases the C fits are better, having smaller

‘.7<2 per degree of freedom, than.the V fits.. On these grounds

one prefers variation oqum with ﬂw.mass below 500 MeV which

is more consistent with a 'narrow' resonance (about 200 MeV

' w1¢1§), or with a small scattering length than with a broad
théc ~However, thisvstatement<mﬁst be taken with some cauﬁion.
" Since the best fit is not a good fit, it is cohceivabie that
.a Vetype solution with some extra terms might prdve superior,

: « 2 :
"The fits to #~o p alone have good X per degree cof freedon,

justifying the negiect of p-production.

VI. Partial Wave Inelssticities

~ Using the fitted amplitudes of section V.2band the

Qrosé—sections of section II.2 one can predict the values of

\/_1 - ? 2 for the various wN partialuwaves. All the

inelasticity is via the ##N channel [L45] and predictions can

0,0 +

be made for the unobserved final states (#°7 n,*v+w n, w+wop)

using the isobar model. -

The inclastic scattering total cross section is given

by

e = ;{"'—’5 2, (J + %) (1..722”)’

“inel. ’,J

where k = fi/p, p is the centre-of-mass momentum, and ? is
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‘ ‘thé:iﬁélasticity parameter.

. b'Table IX gives the values of"V 1- ﬁiJ 'for the varidus partial
waves, togethﬁr with the 550 MeV/E results of the %aclay group [46] for
comparloon. Figures 17 and 18 show the energy dependence of V[f - an
from'this analysis and from the CERN [8] experimental and theoretical

and the Gld gow [4{] A and B analyocs. These resulls show that inelasti-
cityfis not well determined by the elastic phase shift analyses.  In "
those co@putational brocedures N is sometimes either artificialiy smoothe@
~’tp‘l, unphysically greater than i, or‘disconneeted (u]. The agreement dr
the predictioﬁs‘of this work with the (independent) work at Saclay is
gégd."The eleastic scattgring data do not prefer one sef.of values of
ﬁz&'over anothe;, gnd so are not useful in dgtermiping the egergy depen-
dence.of s}

00*

VII. The Pll branching ratio

Assuming that ®l, nA, and oN are the only open channels, total
amplltudeu for decay of thn ll intermediate state can be: determined
from these fits to the model. Since the inelastlé ﬁrocesses are
coherent, ihdividual rates forlthe A and oN decays cannot be inferred.
The relative_magnitudes of the various decay amplitudes provide a

measure of the coupling of the P.. isobar to the A and oN even though

11
‘the intcrﬁretation‘as decay branching ratios is tenuous at best. Fur-
ther, éVen ignoring the iqterference term in the decay intensity there:
] is:still unceftainty in the interpretation of the relative nagnitudes
of thé 7 end oN amplitudes, since the maximum'céntef-of-mass energy
in this wﬁfk does not reach.the resonance maximum. (Also, ﬁo attempt

has becen made to separate resonance from possible background amplitudes.

Using the itted PPl and PS1 amplitudés, ignoring thes interferénce



betweéﬁ A and oN, together witﬁ the CERN theorétical values of the.ﬁN
elastic sqattering phase shift Sli,’one obfains the branchjng:rutios
given in Table X. The "crosé" terms in the square of thé sum of
amplitudes is approximately'éq%’of the diagonal terms for the "V"
‘solufions, and cqnsisfent wiﬁh zero for the "¢" solutions. ‘The rela-
1tive §ouplings to 7A and oN deduceq froﬁ_the fits depend sﬁrongly on
thé'¢haracter of the object called’fc". In ﬁhe C solutions, the ﬁA
coﬁpling is very small, whereas in the V solution the nA mode is
comparable in strength with oN, Becoming relatively more important

as the energy increases.

VTII; Summary of Conclusions.

'ihe "Kirz-anomaly" [1], that is the high-mass peak in the i
spectrum in ' p-— % % n, has been éxplained over a range of incident
niAmomenta by the introduction of an I =J = blﬁﬁ interaction. All
thé'features of ﬁ—p - n-ﬁﬂo have been fitted without any_I =J =1
" xwt interaction. There is a discrepancy of marginai statistical
'significance between theory and experiment in fhé shape of the ﬁ—no
,masse spectrum, the experimental spectrum being more sharply peaked.
‘The data of the Saclay group [46] at 530 MeV/c show the same effect.

'Tﬁo types of energy denendence of 60 have been considered

0

(figure 16). In the Veneziano-Lovelace form [40] Byo Tises approxi-

. mately lincarly from threshold, passing through 90O near 720 MeV:
5 )

the other form has 800 rising from threshold as ¢~ for energies

less than 450 MeV and would give a narrower resonance thzn the
first form. It has not been necessary to invoke a resonance with

_ peakrin'the mass-range invéstigaﬁed. The results favowur the qD

- . .
o
form as the X arc consistently better.

.
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.L'Héwever, éome modificatibns_retaining the basic Veneziano-type nﬁ
inferéction might give'a)bé%ter fit. The Veneziano fit, including the
A meéchanisa, is far beﬁtef.thanthat‘of Roberts and wagﬁer (48] 1o
féwef ddta.‘ |

There is substantial A-production at incident momenta as lov as

456 Mev/c (1339 McV centre—of—mass) rather far below the threshold for
préduction of a A of mass 12%6 MeV. | .

>"With the results of the fit to "isobar" model predictions, we
ﬁavé;cglculated parﬁial wave inelasticities in the Sll’ Pil’ PlB’ Diﬁ’
éartial»waves, as a function of energy.
.These results are only quélitatively in agreemenﬁ with thosé
fo;lowing frémgthe CERN elastic phase shift anal&sis'[8]. We find
5,‘a.nd D, . waves at lower_énergies than .

13

that analysis. The increasing inelasticities obtained here are con-

. iy 3 ‘
inglasﬁ1c1Jy in the Sll’ Pl

sistent with the interpretation that P 1 and D,, wvaves resorabe at

1 13
energles higher than those available in the present éxperiwent.
The results of our analysis, and that of the Saclay group [46]
from 530 to T6C MeV/c are compatible.

We have derived values of the Pll

and oN vhere ¢ is an I = J = O interacting =w pair. The nN branching

branching ratios into =N, x4,

ratioc is between 43% at 1339 MeV and 60% at 1402 MeV. The branching

~ ratio between s and oN depends, not surprisingly, on the form of o

used. In the prefefred form the inelasticity is almost entirely
through ¢il: - with the Veneziano-Lovélace form of By the ratic of nA

to 6N couplings is about unity and increases with energy.

26
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. FIGURE CAPTIONS

' Elastic centre of mass scatfering angulaf}diéffibﬁtion at 499

MeV/c incident'x” momentum.

Eiasfic centre:of'mass'écéftering'angle>diétribution at 552

'5MeV/E incident =« momentum.

Dalitz plot for T p - xn at 456 MeV/b.

Dalitz plot for n p » n x n at 505 MeV/c.

'Daliti plot for xp -~ ' n at 552 MeV/c.

Dalitz plot for = p = n-ﬂop at 552 MeV/c.

‘Mass® spectra at 552 MeV/c. Fitted distributions obtained

" with the "cube" form of xx phase shift are superimposed on

~ . the experimental hisﬁograms{

 Mass® spectra at 552 MeV/c. Fitted distributions obtained

: with the "Veneziano" form of mx phase-shifﬁs are superimposed

10.

11.
12.
13.

1k,

on the experimental histograms{

 'Angﬁlar distributions at 552 MeV/e with "cube" fits.

Angﬁlar distributions at 552 MeV/c with "Veneziano" fits.

Angular distributions and massg,spectra for xp~ ' nn at.

505 MeV/c with "cube" and Veneziano" fits.

Angular distributions and masse'spectra for n—p - ﬂ+ﬁ-n at
456 MeV/c with "cube" and "Veneziano" fits.

Expansion of a 2 - 3 bédy amplitude into isobar terms and

~triangle graphs.

-Ma552 spectra from zA production in pure angular momentum

ﬁa&es for = n n at 552 MeV/c.

Fal
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Fig. 15. Mass dependence of mxt scattering phase shift 800 for the "cube"
and "Veneziano" forms.
Fig.vl6 Inc1dent momentum dependence of the 1nelast1city ~41 -1 for

S 1%’ and P partlal waves 1nferred from this work and

n’f 33
. the ‘elastic phase-shift analyses of references [8].and [h7]
Fig. 17- Inc1dent—momentum dependence of the inelast1c1ty 1)1 - n for
D15 and D53 partial waves inferred from this work and the
‘.elastic phase-shiftvanalyses of references (8] and (4771,
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-+
A

'Mémentum (MeV/c)‘ Number of everits after cuts‘
Central ‘ Limitsv‘ _ + - - ©
‘ i . T p TN T pIr
Value - accepted
552 536 - 566 6503 221 528
505 490 - 520 1965
N . . ’ .
499 L82 - 516 1386 298 L7
* | ' _
456 L0 - 470 2591
x

Film taken with a 1/8" lead sheet at .a double

focus of the beam to reduce electron contamination.




: Tabl_e I1

Total Cross-sections. (mb)

37

Momentum (MeV/c) oo n ﬂf# P
1456 1.cto.2 0.17 * 0,05
499 2.450 t 0,16 0.32 ¥ 0,05
552 ‘ 3.84 ¥ 0.16 0.87 * 0.05
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" Table III

,_moments, integrated over the Dalitz FPlot for a'w'n .

456 MeV/c ' | 505 MeV/c

R Y N VR I SRS

1 ~.066%,008 + i(-.066%.008) -.055%,009 + i(-.079%.009)

0 .020 + ,012 - - .023 £.010

2 .0062%,0061 + 1(.018%,006) -.006%.006 + i(-{doat.oos)

1 -.009 ¥,005 + 1(-.003t;oos) .001%,006 + i(-.013 £,006)
3 .010%,005 + i(-.odlt;oo5) .00LE.006 + i(-.C0EL.C06)

0 5 -.014 +.007 | ~ -.019 t008

2 -.007%,005 + i(-.005%,005)- -.002:.005 + i(.,004 * .00S)
L -.002%,005 + i(.010%.0C5) | ~.004%.005 + i(.0C £ ,C05)
1 .003%.004 +. i(-.003%,004) ‘.0081.005 +1(.0u7E.005)

3 .005%.00y + 1(.oo3t.6uu), -'OOIt'°°5,+ i(.0C1%,0u5)

5 .002%,004 + i(-.C03%.004)  -.069%.CC5 + i(~.003%.005)



Téble 111 '(cdntinued)
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VEKM momente, intezreted over the Dalitz Plot at_jjg_heV/c

1(~.008%,005)

T “'nrnpp'
- ;}07¢t.oo§ + 1(-.080%,008) -;0351.019 + 1(,058t.c17)
.-.-.001 t ,009 | '5.01§ t .019v
:';012t.oo7 + 1(;031t.007). L0378,014 + 1(.015I.C1L)
'-.01ﬁt.ooél+ 1(-.co3i.606)’ .oout;011 + i(.doli;012)
.009t.oos_+ 1(~.C06%,006) .605:.012 + 1(.037f.012)
009 % .007‘ ;;0132 .01y |
' .oout.o05 + 1(.006T,005) -.015%,011 ¥‘i(.002i.010)
.004%,005 + 1(.011t;oos) | 009,010 + i(-.bOét.olo)
.007%,005 + 1(.ooli;pu5) : -004Z.CC9 + 1(.008T,009)
-'~;.008t.00u + 1(«.,001T,0C5) ‘-.005£.010 +v1(-.01ot.u09)
-.001%,005 + ;01ot.009 + i(.ooot.oc95



Yable 1!:

Confidence levels for the hypothesis that

~all WK“ moments of a given K are zero within

. the statistics,

K 1 2 3 L 5
mtrn us6 £.0001 | - .006 .12 .08 .60
505 £ .0001 .0l .15 .15 10
‘552 &£ .0001  £.6001 .20 .10 .35
7 1°p 552 .015 .02 .03 .50 .75
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- Table V

Q}pmduction from M = 4. The arguments of. the

spherical harmonic are & . B throughout,

WAVE Mg ‘Amplitude
_ > S - 0
SD1 , - - : - .
-3 Y Ygo 1?1l (2c0s0™ - isine™)
3 28 Yio (2cose™ 4+ isine™)
PPL '
Lo C ¥,
: "é_ : 2 D 4 . (2cos® - isin® )
24 1.1
S X .
3 2/ Y (cos®™ + Sisine*)
: 10
PP3

IR A |
g l: 31');1 e 1 (cos_e#‘-@‘isin@*)

N
&

+ Y (5isihe* - 'cose*)]
1=1 T .

AP
Y
‘:“\

el . ig. '
%[Y;l e * [cose*-:- isine*].

+ Y; 1 e~if1 [isinﬁ*b— cose*]J

DS3
2 2 ' *
-3 2 /5. Y3 Y,y e . [cos® + ising |

' e -ig ) X )
( 20y , e 1 [ising® - cosy™] j
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Table V' (continued)

VIAVE Mg IR Amplitude
. Y 2 3 "1¢ %= x
3 1 .g_ - é-Y;l cos6 Y2_1 e 1 [»21?.3]'.1‘)9 + cos® ])
DD3 ‘ —
.‘ . ' . '< l¢ bla"' B
-3 3 *115 Yéo'e 1 [-cos®” + 2isin® ]
£ /% vl cos® e T
22 :
% . l Y;;; i¢l b 9);; " 5 .. -eﬁ.g
IF - S0 ng
2/3% o e ) isin® ]
- e "i¢ . R R
o + ’YE_1 e - 1 [2isin@v + cos® ]
T 1 iy o
2 3 f Yoo e b [5ising” - cose® )
. L *' 3i¢l ‘ R ‘;::
- 5,y e . [cosB + isin®’]
. | - e l¢ ’ *x e
o 4+ Yoo e L [cose™- 2isin®
. ' °t20 €0 _ :
‘ D 2ig, . - _
P /;5; T3, e [cos8™+ isine” ]
+ Y§_2 e~?if) [ cose™ - isine” ]
. 3 X % o
- : 2 J7 Y30 cose
FP5 ' ' )
‘ 3 % 2, %
-3 3 50 Y31 e 7 [isin® + cos® . |
| * L |
- 2Y3",1v cose |
w =i . v
+‘l~3: ’% Y;-43 e 1 [ cose” - ising ]




- Table VI

o-production from M = 3.

43

" The argument of the spherical

harmonic are @ L&

throughout, _x-axis along the outoing

nucleb;"l.' '
Wave MS Arr/iplitude-.
3 0
SP1 —
g Py
-t ¢ Yoo
3 - x
2» —2J—_3. Y1O
PS1
' 1
-3 =
. .c. -JB Y.]_‘1
_ N N
3 Y3 1,
PD3 }1‘ . R
-3 3 (3177 - Y15 )
3 %/é (Y2-1 - To4 )
DP3 — \ | _
* % '
-2 3 ,% o (B, - J/g ¥20)
3 1 J2 o -1,
* /3 21 T ‘24
or5
| g 1 L S et o
g 7 Waa 0 =00+ /B Yy,

- continued -
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.Tabiéhv; (cﬁniinuéd)
‘Jiave'.‘:i_:._f.-is | o : Amp¥itude
p f,%; "‘;%7;(132* Y’;_z) f;% ~Y:;o:
,._FQS . | |




Table VIii-

Predicted branching,rgtios Gf(wfﬂ—n) / d'(p’ﬁpp)

at 552 MeV/c;' -

Partial wave Branching ratio
SD1 2033
PPl | 3.70
3 1.32
DS3 | | 2.97

DS33 | 1.5y

Experiment L.22 * 0,21

45
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Table VIII
rit 1 , L , o
TEASE %y %3 Pois . % Pl % Pep
C 2.4 .28 7L .86 .51 .36 .71 .22
t,09 £.13 f.17 f,21 t16 t.12  I.n21
€55 | 2.1 .27 .72 . .58 ,62 .28 .76 .32
oo tor foos o fid foio t100 fioy 19
“en® {12 .29 .93 68 .15 . .32 .
: B *.08 t.,29 .09 fn t.19
v 2.5 .19 L7670 .3h .35 - 1.0C 50
.10 *.09  t,09 t.20 I.36 f.10  tl10

V55 | 2.8 .23 an .55 .40

122 1.01 .48
‘ SE.07 0 ZT.oy o 2 foo8 I.1s 0 f.05 1,03
Covr® 1y .32 .80 L81 .16 N .02 1
- t,05 *.12 t,08 1 .01
C50 §2.0 .38 .57 .53 . .7 .21 .7 .25
t,07 .06 t.16 t,11 .13 %,05 £.39
V50 | 2.6 .34 449 60 L3y 25 1.03 - [u6
N .06 .06 16 t,09 - :,20 .04 f,0L
cus f1.7 .35 0 .50 1 .7 .23 .8u .ol
S .06 .06 f.an o .0 .10 - E04 %07
Va5 2.y .21 L4058 30 .39 1.12 43
07 %05 a6 Il tl17 f.on 0 .03
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Table IX |

Values 6f‘ /1 - 122

S 11 13 P13 P33
cys f.iu,t».03 30t 003 .13% .03 .07%,01 .14 % .03
50 .aht .05 .3 % .0k .23 % .04 .18 % .04 .21 % .08
55 'ﬂ&l t 07 .56t .05 .21% .06 .27 % .05 .32 % .05
C .35t 3 8t .23% 09 59°F .11 .09t 09
vus - .09 % .03 .32 + .05 .08 % .02 .08 t .02 .08 .02
VS0, .19 t .05 .51t .02 .22 .03 .16 %t.04 - .15 .03
VS5 .31 % .03 .68% .07 .19% .06 .30 .06 .31E .06
V.t o .63% .07 .13 % .08 39 % .05 .21 .03
??géay”,17 8 08 .22 .36

MeV/c)
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Table X

7

Pli‘branching_ratios calculated '

" from the fitS'to'the data. -

m T otl
tc! solutions .
1340 HeV .43 .05 03 % 05 syt o5
| 1370 NeV .60 * .10 Lout oz .36t L2
1400 MeV .63 * .07 09 .10 .28t 10
1400 NeV .67 T .18 .03 ¥ .20 .36t .20
(voth states ’
“fitted)
"'V'_solutions
1340 NeV' .42 * .17 22 17 0 36t 17
1370 Nev .50 16 .23 % 16 27 1 16
1400 KeV - .54 ¥ .10 231 10 .23 % .10
1400 NeV .58 £ .09 22 F 12 20 % 12

" (both states
fitted)
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commzssmn 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or '

B. Assumes any liabilities with réspect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above "person acting on behalf of the Comm1ssmn
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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