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Summary. — The predictions of the model of lLindenbaum and Stern-
heimer are compared with results obtained from the analysis of the
reactions 7~ +p->wn 4=wt-u; w4p 7 +n%+p, observed in an H,

bubble chamber. It was not possible to find any contradiction and all
results concerning momentum spectra and branching ratios are sufficiently
well described by the model. In the favorable case: n-+p >xt+1"—
--mt+ (7~ +n), the correct ()-value distribution for the isobar is obtained
and angular correlations in its decay are compatible with a J= 3 for
the (w==-+n)-pair.

1. - Introduction.

The relation between pion-proton scattering and photoproduction pheno-
mena observed at low energy (the « 3-3 » resonance) suggested that it would be
of interest to investigate if also at higher energies the observed resonant state
would play an important role, in particular, for pion production. During the
last few years a phenomenological model for pion production was developed,
in which was brought into consideration the possibility of the presence of an
excited state of the nucleon in an intermediate step of the process, namely
the 3-3 resonant state. This excited nucleon should be able to decay into a
pion and a nucleon and is well known to be also responsible for the low energy
pion-proton resonance.

() On leave from the Comisién Nacional de Energia Atémica, Rep. Argentina.
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The isobar model removes some difficulties appearing when one compares
experimental results with earlier models, like Fermi’s statistical theory for
m-production. Up to now the available experimental material on pion-pro-
duction in pion-proton and proton-proton collisions was not very extensive (1),
but the general agreement with the isobar model was fairly good.

In the present paper we compare the predictions of the detailed isobar
model proposed by LINDENBAUM and STERNHEIMER (2) with results obtained
from the reactions:

ey T 4p>w Rt 4n
(2) 4+ p—o>wm+7°+p

observed in an hydrogen bubble chamber.

2. — Predictions of the isobar model.

We summarize here some conclusions obtained by STERNHEIMER and LiN-
DENBAUM (2) from their detailed model. According to this model, the reaction:

(3) TN AR RN Y 4
should take place in two independent steps:
{4) TN >w+ ]l >t + A,

where I stands for «isobar», whose decay products should not interact with
the «extra-w » of the first step of the reaction.

There are five reactions of type (4), according to the different possibilities
of the electric charge of the isobar and the «extra-w » and the different possi-
bilities of decay of the isobar, namely the following:

(@ FHp-or A ITonT it 4n
@) wApom It p
(5) () wmtpomtbl oot
O B i

(€) rm4p > 1% > 1%+ 1.

(*) See reference (3).
) 8. J. LinpenBaum and R. B. STErRNHEIMER: Phys. Rev., 105, 1874 (1957).
) R. B. SrervEEmMER and S. J. LINDENBAUM: Phys. Rev., 109, 1723 (1958).
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Agsuming charge independence it is possible to analyse the above listed reac-
tions in terms of two isotopic spin states (} and 2) for the initial system. This
analysiy is perfomed by STERNHEIMER and LINDENBAUM through two suitable
parameters ¢ and «, defined as follows:

(6) Q= 0'%“/2'0';“ ’

where 0;“ and ¢;* are the cross sections for single pion production for isotopic
spin 4 and 2, respectively, and

(7) x = 2-(gf5) cos g,

where ¢ is the phase difference between the matrix elements of isotopic spin
1 and 3. In terms of these parameters there are several relations between the
five reactions (a) to (e); in particular the following will be useful for comparison
with the experiment:

8) () — & = (45 360 - 90)/(5 + 160 — 202) ,
® O =& = (5+ 160~ 200)/(5 + ¢ — 5a) ,
(10) (@) + (@) /(B) -+ (@) = R = (10 + 170 — 254)/(25 -+ 260+ 352) ,

(1) (@ ((@)+ () + () + (@) +(6) = § = (10 + 20 —10a)/45 (1 + o).

Now, if the numerical values of &, &, R, and S are fixed (from the expe-
riment, for instance) then equations (8) to (11) represent linear relations be-
tween ¢ and «; ¢ should simultaneously satisfy (6). This last condition con-
tains the inelastic =+ +p cross section through the relations:

in in

i) in 2 1 i
(12) Ot = 0 O~ =50y + 3505 .

Clearly all these equations are superabundant and this situation provides
an interesting check of the reliability of the model.

Furthermore the isobar model allows one to calculate the spectra of the
emitted particles if several reasonable assumptions are made, for instance, if
it is assumed that the probability to form a 3-3 isobar of a certain mass is re-
lated to the n+ +p scattering cross section at the corresponding energy (°) (phase
space factors included). Fig. 1 shows the spectra for the « extra-= » and for the
«decay-m » calculated by F. SELLERT (4) for an incident pion K.E. of 960 MeV.

(*) F. Sevcert: Thesis (University of Bologna), unpublished.
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The peak in the « extra-m » spectrum reproduces, apart from the phase space
factors, the peak in the w+-+p cross section.

Pion momentum
From the isobar model

T+ N - & + 1
extra l

I - ‘ndrmy +N i
Arbijtr. Tn;= 960 MeV [ \
units :

Extra-1 \II \

—_—

1 1 1
100 200 300 400 MeV/, 500

— —_ ~ N

Fig. 1.

The experimentally observed reaction (1) is a superposition of reactions (a)
and {c¢) of (5). In favorable conditions it will be possible to deduce the branch-
ing ratio (c¢)/(a)= &, from the spectrum of the emitted pions. But it is also
possible to eliminate & lumping together the spectra of the pions of both signs.
The resulting spectrum is independent of ¢ and «. In the same way the
momentum spectra of the pions from reaction (2) will give information on the
parameter £, and again the spectrum resulting from adding both pions is inde-
pendent of g and a.

Within the framework of the isobar model the correlation between pro-
duction and decay angles could give a possibility to determine the spin of
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the « isobar » in a similar way as ADAIR (5) proposed for the A°-hyperon in
the process == +-p — A+ 6°. The spin of the «second» particle emitted is
here well known and the argument can be applied as was also observed by
MORPURGO (8). One expects a distribution: 1+3 cos2 0 for the decay products
of the 3, 3-isobar. The angle of decay must be measured with respect to the
line of flight of the incident particles but in the CMS of the decaying isobar (7).
In the case in which the isobar is produced not merely in s-waves, only events
produced backwards and forwards should be used.

In its present state the isobar model gives no predictions on the absolute
values of the crogs-sections, except under particular assumptions as those intro-
duced by LINDENBATUM and STERNHEIMER (8). The problem is related to the
states of angular momentum involved in the production process. Some argu-
ments in this sense could perhaps be obtained from the analysis of the angular
distribution for isobar production.

3. — Experimental results.
The events here reported were obtained in a new scan of pictures of the
hydrogen bubble chamber of the Columbia University, exposed to the 960 MeV

pion beam of the Brookhaven Cosmotron. The same film was previously used

TasrLr I (%).

Clear elastic events e 521 (417)
Stops. ... Lo Lo L0 222 (190)
Clear a°+==p . . . . . . . . .. 190
(lear = +mrn . . . . . . . . .. 240
«D» Or «PY. oL L L L L 13
Clear w4 +="+n . . . . . . .. 43 (355)
Probable m-4r0+=0Lp(+2) . . . . 8
Clear w-+x +m +p . . . . . . .. 23 (21)
Strange particles. . 235
Total. . . . . . . 1285 (983)

(®) R. K. Aparr: Phys. Rev., 100, 1540 (1955).

() G. MORPURGO: Nuovo Cimento, 9, 564 (1958).

(") F. EisLER. R. Praxo, A. PropELL, N. Sam10s, M. ScHwaRTzZ, J. STEINBERGER,
P. Basst, V. BoreLit, G. Puppt. G. Tanxaka, P. WALOSCHEK, V. ZOBOLI, M. CONVERSI,
P. Frawzing, I. MANNELLL, R. SANTANGELO, V. SILVESTRINI, G. L. BRowN, D. A. GLASER
and C. GrRaves: Nuovo Cimenlo, T, 222 (1958).

(®) 8. J. LixpExBAUM and R. B. STERNHEIMER: Phys. Rev., 106, 1107 (1957).

(") Data between brackets are those obtained by ErwIx and Kopp (?) in a similar
experiment, They are in good agreement with our numbers.

(®) A. R. Erwin and J. K. Koper: Phys. Rev., 109, 1364 (1958).



216 V. ALLES-BORELLI, S. BERGIA, E. PEREZ FERREIRA and P. WALOSCHEK

for strange particles experiments (*°). All events observed in a well defined
region of the chamber were analysed. Of a total of 1285 interactions observed,
there were found 240 of reaction (1) (neutrons) and 190 of reaction (2) (protons).
The classification of all events is shown in Table I. Favorable conditicns of
the chamber allowed a clear identification of nearly all events. The measured
momenta were first adjusted with a least squares fit (in order to balance mo-
mentum and energy) and then transformed into the CMS by means of an
IBM-650 computer. Details of the measurements and computations as well
as some results not included in this paper will be published separately.
Reaction (1) is the most favorable case to observe the isobar. The (x=4n)-
pair is a pure igotopic spin § state, and the isobar model predicts that reaction (1)
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Fig. 2.

(*y F. Erster, R. Praxo, A. PrRopELL, N. Samios, M. SCHWARTZ, J. STEINBERGER,
P. Bassi, V. BoreLLl, G. Puppl, H. TaANAKA, P. WALOSCHEK, V. Z0oBOLI, M. CONVERSI,
P. FranNzinNi, I. MaNELLI, R. SANTANGELO and V. SIiLVESTRINI: Nuovo Cimento, 10,
468 (1958).
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goes mainly through the channel (¢). The momentum spectrum of the posi-
tive pions is shown in Fig. 2 together with the spectrum obtained from the
isobar model. The values of ¢ and « used here will be justified later. The
peak at 400 MeV corresponds to the 2, $ resonance. The n—-spectrum reflects
the same gituation and shows the small effeet of the (=t-+4p)-isobar (Fig. 3).
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Figs. 4 and 5 show the results from reaction (2) and are compared with the
spectra obtained from the isobar model, using the same values of o and « as
before (full line). The dotted curves, which correspond to values of £, deter-
mined from each spectrum as will be shown later, give a better fit.

As it was remarked before, the superposition of the two spectra of Fig. 2
and 3 is independent of the initial mixture of isotopic spin states. The same
holds for Figs. 4 and 5 and also for the sum of all pion spectra. This latter
is shown in Fig. 6 and it is in agreement with the spectrum predicted by the
isobar model.
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In order to get the branching ratios defined in (8) and (9) we first divided
each experimental spectrum into two regions: region « A » over 325 MeV/c and
region « B » under 325 MeV/c. Region « A » contains 909, of the extra pion

—
-
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M+ D —> T+T +P

Ty;= 960 Mev
oo 180 Events

Sy

Events Statistical theory
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Fig. 4.

spectrum and 159, of the decay pion spectrum, while region « B » contains
859, of the decay pion spectrum and 109, of the extra pion spectrum. These
percentages were obtained from the theoretical spectra of Fig. 1. Now, from
the number of events observed in « A» and « B» we can deduce the ratio
« extra-m »/« decay-m » for every spectrum. This procedure seems more reliable
to us than a least squares fit, since small measurement errors could displace
some events (in particular from the narrow peak) slightly deforming the spec-
trum, but the sum of all events contained in « A » and « B » could compensate
in part this effect ag well as the influence of an eventual anisotropy of the
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decay angular distribution of the isobar which would only affect the form of
the decay pion part.
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All pion spectra were treated in an identical way, and we obtained:

£ =2.254 043 from the wt-spectrum (n)
£, =29840.60 from the m--spectrum (n)
& =1.324 0.27 from the = -spectrum (p)

£, = 1.254+ 025 from the n°-spectrum (p).
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The branching ratio K is obtained from Table I:

R = 0.792 -+ 0.077 = protons/neutrons .
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Figz 6.

The number of «stops » gives an upper limit for the reaction (e) since this
number contains also the normal charge exchange events. We obtain:

S << 0.334 + 0.026 = stops/total .

Before discussing the compatibility between all these numbers, we shall show
the results of the analysis of the angular correlations.

We first divided all events into four classes, corresponding to reactions
(@), (b), (¢) and (d). As «extra-m » the more energetic one was always selected.
The samples so obtained are contaminated with wrongly classified events in
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~ 309, for clags (a), ~ 10% for class (b), ~59Y for class (¢) and ~ 209, for
class (d). Figs. 7 to 9 show the angular distribution of the production of the
differently charged isobars, without any correction for their mutual conta-

mination. It is clear from these di-
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Fig. 7.

stributions that different waves are
involved in each case.
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For the spin analysis we first considered reaction (¢). As the production
is roughly isotropie, a first attempt would be to assume that the isobar is

emitted with [== 0. Thus, all events could
be used for Adair’s analysis, as is shown
in Fig. 10. A eurve (1 -+ 3 cos? () normal-
ized to the total number of events has
been superimposed. The agreement is not
too good, but it becomes better by selec-
ting events with a small production angle.
Correspending regions are equally sha-
dowed on the decay angle distribution
and on the produection angle distribution
(jeoso,, 0.6 and > 0.8). The result is
compatible with the assumed J=3 of
the isobar, even though the statistics is not
sufficient for a spin determination.

The angular distributions for the pro-
duction of the other charge states of the
isobar are not so simple and it is possible
that the limit in the production angle for
a successful spin analysis is very small.
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— Diseussion.

As we have shown, momentum spectra and angular correlations seem not
to contradict the isobar model. We should now analyse the situation with
respeet to the branching ratios defined in (8) to (11). As we already said the
parameters ¢ and « are related through linear equations containing £, &, B
The experimental results on B and &, define « as very close
to — 0.2. o could instead vary between 0.02 and 0.2, depending essentially on

in in
ay and oy

Fig. 11 shows the deecay distributions for all events
and for those produced at |cos«,, |> 0.8.
present statistics it is not possible to reduce any further
the limit for the production angle and it remains doubt-
ful if any conclusions could be obtained from this last
analysis of reactions (a), (b) and (d).

Adgir analysis
T T T T
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the value of ai;;+ (*). We have taken a;; =6.3 mb and consequently

£,—2.89,

£,= 1.73,

0o=01,

v
o« =—0.2,

(*) 6% is understood as referring to production of only one pion.

With the
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as convenient values for the isobar model calculations. For this compromise we
had to go quite far from the experimentally determined value of £, but, as
it wag shown on the pion spectra (Figs. 4 and 5), this does not seem to be in
contradiction with the experimental data (*).

The number of «stops» corresponding to the reaction (e) obtained from
our ¢ and x ix 140. Our experimental number of 222 should then contain
82 charge exchange events. Since we have simultaneously fixed of. (=0 —op4)
one can verify that there is no contradiction in the «triangular relations »
between +/a2-, Vol and +/20,,..

The whole gituation does not change very much if we assume any value
of ¢}, up to about 10 mb (i.c. taking ¢ < 0.18). Only if ¢l turned out to be
higher than this upper limit we would find some trouble in fitting the momen-

tum spectra of the reaction (2) (x=—+="-+p).

5. — Coneclusions.

It way not possible for us to find any contradiction between our experi-
mental results and the very precise predictions of the isobar model of Stern-
heimer and Lindenbaum, since the model describes sufficiently well all the
results concerning momentum spectra and branching ratios worked out from
the present statistics. With respect to angular correlations, only for reaction (e)
a reasonable number of events ix available; although not statistically signi-
ficant for a spin determination, it gives distributions which are compatible
with the assumed spin § for the isobar.

Results from n*--p reactions will provide a more precise check of the
validity of the model.
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RTASSUNTO

8i confrontano le previsioni del modello di Lindenbaum e Sternheimer con i risul -
tati ottenuti dall’analisi delle reazioni n~4p ->n~+nt+n; n~+p > n+n+p, osser-
vate in una camera a bolle ad idrogeno. I risultati sperimentali non sono in contrad-
dizione con il modello e sono da esso descritti sufficientemente bene. Nel caso favo-
revole =+ p —nt-+1"—xt-+ (- +n) il modello di la distribuzione corretta dei valori
di Q e le correlazioni angolari nel decadimento sono compatibili con un J = § per le
coppie (7~ +n).



