Istituto Nazionale di Fisica Nucleare
Gruppo di Pavia

INFN/AE-69/1
28 Aprile 1969

L. Fiore(x), G. Gialanella(o). G. C. Mantovani, A. Piazza(+) and
G. Susinnol?): ANALYSIS OF THE REACTION % +p = p+at+m"
AT ENERGIES UP TO 1 GeV IN A HYDROGEN BUBBLE CHAMBER.

(Submitted for publication to "Il Nuovo Cimento').

ABSTRACT. -

The final results of an experiment of double charged pion pho
toproduction on proton up to 1 GeV are reported. The most striking
feature is the very abundant production of the A -isobar in the

(71: *p) charge state and the very low production percentage of its
neutral charge state (Z"p). This fact, together with the evident peak
of the total cross-section at Eo = 650 MeV,, suggests trying to fit the
data with an 1isobar excitation model, the intermediate state having

= 1/2. However, definite conclusions on the formation of the Py,
resonance cannot be drawn. A good fit of the angular distributions of
the A" production is obtained with second order polynomials in cos 8.
The mass distribution of the (Z*2~) system does not show any enhan
cement, which may be attributed to a (Z£+#~) resonance with mass
below 600 MeV/c2.
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I. - INTRODUCTION. -
The present analysis of the reaction
(1) ’a‘+p-—>p+iz‘++7z"

is a part of a systematic investigation of photoproduction reactions on
proton and neutron with more than two bodies in the final state, under
taken at Frascati using the bubble chamber technique. The purpose is
to get further information about the photoproduction mechanism below
1 GeV.

In the past the reaction (1) was analyzed mainly with counter
techniques. Only recently a collection of data with considerable statistics
was obtained in bubble chamber experiments at the CEA and DESY labo-
ratories(112), Some preliminary results of our experiment have been
reported in ref. (3).

The present status of the phenomenological analysis of the da-
ta concerning the reaction (1) can be summarized as follows.

Because of the very abundant production of A -isobar (N33(1238)),
at least below 1.1 GeV, the CEA group tried to interpret the data in terms
of an isobar excitation mechanism, assuming that reaction (1) goes accor
ding to the scheme

(2) ’3’+p—'>N31t/2—:> A+ 7T

where let/z is a mixture of the known T = 1/2 resonances P11, Dj3, Fyg.

A best fit of the total production cross-section gave the relative
strengths of the three isobars which can be involved in reaction (2). Such
a fit, however, is not very sensitive to the eventual presence of non-reso
nant contributions, which could appreciably modify the angular distribu-
tions. On the other hand, the experimental angular distributions are not
very sensitive to the relative strength of the various isobars. Further-
more, it seems unreasonable to neglect any contribution of the OPE
model, although the peripheral mechanisms alone cannot account for
experimental data at low energies.

According to the above considerations, the DESY group tried
to interpret the data with an improved model(4), which included a small
admixture of isobaric contribution in the gauge invariant extended OPE
mode1(5).

Now, while the predictions of both models agree satisfactorily
on the main features of doubly charged photoproduction, there are still
some discrepancies in the quantitative predictions, For this reason and
because all model assumptions were done essentially to explain the data



of reaction (1), it seems important to analyze processes of double pho
toproduction with different final states.

The present paper consists of six parts. In part II we describe
the experimental apparatus and the exposing procedure; in part III we
report the cross-sections and the kinematical distributions. The pro-
duction of A -isobar and the two-pion system are analyzed in part IV
and V respectively. Our conclusions are reported in part VI.

II. - EXPERIMENTAL APPARATUS AND EXPOSING PROCEDURE. -

II.1. The Bubble Chamber,

The hydrogen bubble chamber used was constructed at the
CERN laboratories and operated there until 1962. In 1965 it was carried
to the Laboratori Nazionali di Frascati.

The chamber has a cylindrical body with a 32 cm diameter, a
15 cm depth and is placed in a 17 Kgauss magnetic field. The main mo-
dification introduced for this experiment is the beaim- entrance window.
It consists of a 0. 25 mm thick mylar sheet (6 x1 cm?), in order to mi-
nimize the electromagnetic background. In this way the beam, before
entering the chamber, passes through about 1073 radiation lengths,
which corresponds to 1/30 of the hydrogen thickness in the chamber.

For safety reasons the window is enclosed in a 3.5 m long
stainless steel tube, which, in the case of breaking of the mylar window,
prevents the hydrogen escape. The electromagnetic background produced
in the 0. 5-mm thick plug of the tube is removed by a clearing magnetic
field and by a collimator placed in the tube itself,

The 17 Kgauss analyzing magnet was powered by a Graetz
bridge rectifier using silicon diodes. To overcome the lack of current
stabilization, a Hall field-meter was introduced in the magnet and its
output, in digital form, was photographed on every picture.

II.2 Beam set-up.

In Fig. 1 the experimental layout is shown. The bremsstrah-
lung beam was produced by spilling the circulating electrons in the
synchrotron onto a 0.1 radiation length tantalium target. Compatibility
with simultaneous beam users was achieved by setting up the target
every time with a suitable current pulse synchronized with the bubble
chamber expansion.

The photon beam was hardened hy means of 4 radiation lengths
of LiH, which also reduced its intensity to more suitable values, while
maintaining the maximum circulating beam current in the synchrotron.



The beams size at the chamber entrance was 3x0.4 cm?2.
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FIG. 1 - Experimental lay-out

The ' -ray spectrum, obtained by measuring the momenta and
angles of the eTe” pairs produced in the chamber, is shown in Fig. 2.
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FIG. 2 - Photon spectrum. The continuous curve represents
the calculated bremsstrahlung spectrum and is normalized to
the experimental spectrum above 500 MeV. The errors shown
are statistical.

As one can see, the hardener thickness, chosen in order to obtain the
best photon beam intensity, was probably too high; in fact, a regenera
tion of photons with intermediate energies, due to the secondary brems
strahlung process taking place in the adsorber itself, is evident. The
continuous line represents the theoretical bremsstrahlung spectrum



normalized to the mesured values above 500 MeV. The maximum pho-
ton energy was 1 GeV.

The photon flux was adjusted to about 300 equivalent quanta per
pulse, corresponding to about 10 e te= pairs per picture. The total
number of 1nc:1dent 7 -rays was obtained in a part of the film by coun-
ting the e He” pairs in a sample of pictures and in the other part by
means of an external monitoring system.

II.3. Scanning and measuring procedure.

About 400. 000 pictures were taken with the previously descri
bed photon beam. All the film was scanned twice giving an overall effi-
ciency of about 99% (90% for each scanning). The searched events were
easily distinguishable from the electromagnetic background, because
of the presence of three prongs, one of which, the proton, was almost
always very ionizing.

The measurements were carried out with conventional digiti-
zed apparatus yielding a standard deviation on the point measurements
of 0. 1 mm in the real space. The geometrical reconstruction of the
events and the kinematical calculations were accomplished with the
standard Thresh and Grind programs.

The events were accepted in a fiducial volume having the same
section of the photon beam and extending 20 cm along its direction. This
ensures that all tracks had sufficient length to permit a good measure-
ment.

II.4. Analysis of the events.

Since in the 3-prong events under study the angles and momen
ta of the three charged particles, as well as the direction of the inco-
ming photon and all the masses, were known, the kinematics of the in
vestigated reaction was over-determined and a 3C-fit was possible,

The events were acceptied only after controlling the bubble
density on the film. In Fig. 3 the experimental distribution of the X2

rlgultmg from the 3C-fit is shown. The events were accepted only if
Xé =12,

The total number of selected events of reaction (1) was 2864.
These events have been divided in 10 intervals of incident 2 -ray
energy. Table I shows the number of the events found in each energy
interval.
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FIG. 3 - Chi-square experimental distribution
for all the 3-C events.

Interval E.a,(MeV) n. of events
I 350 - 500 189
II 500 - 550 288
ITI 550 - 600 397
v 600 - 650 375
Vv 650 - 700 355
VI 700 - 750 290
VII 750 - 800 245
VIII 800 - 850 241
X 850 - 900 203
X 900 - 1000 278




ITII. - CROSS-SECTIONS AND KINEMATICAL DISTRIBUTIONS. -

The total cross-section, reported in Fig. 4, increases rapidly
with energy up to 650 MeV and then remains almost constant, in agree
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FIG. 4 - Total cross-section for the reaction % +p —=>
—» p+ ZT+ Z~. The errors quoted include the stati-
stical error of the sample of events and the statistical
error of the sample of pairs, used to determine the
photon spectrum.

ment with the previous bubble chamber results(l' 2). The quoted errors
include the statistical error of the sample of events and the statistical
error of the sample of pairs from which the photon spectrum was deri-
ved.

In Figs. 5, 6 and 7 the laboratory momentum distribution of
the three charged particles in each photon energy interval are reported,
while Figs. 8, 9 and 10 show the corresponding angular distributions.
These distributions represent the actual behaviour of the kinematics of
the reaction (1), taking into account the dynamics of the reaction and
all final state interactions.

IV. - THE A(1236)-ISOBAR PRODUCTION. -

IV.1. Equivalent mass distributions and production
total cross section.

The main characteristic of reaction (1) is the very abundant
production of the A ++(1236) isobar. In Fig. 11, the mass distributions
of the (p ") system, in the different energy intervals, are shown. We
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tried to fit these distributions by super-imposing a Breit-Wigner for
the isobar to the phase-space distribution. This procedure implies the
assumption that there is no contribution from the A 9(p #~) production.
This assumption, indeed, is supported by the good fit of the (pT™)
mass distribution, obtained by taking into account the only A i reflec
tion added to the phase-space distribution. No attempt was made to in-
troduce in the fit a possible interference between the two charge states
of the A -isobar. The results of the fit are summarized in Fig. 12.
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The production percentage of the 4" is 100% up to Ey = 650 MeV and
then decreases to about 75%. Between 800 and 850 MeV the obtained
value is much lower than reasonably expected. This anomalous value
is related to the displacement of the A -peak in the mass distribution,
whose origin we are unable to explain. Indeed, we want to stress out
that in this energy interval (about 800 MeV) there seems to be some
strange effect in our experimental data.

The total A*'-isobar production cross section is shown in
Fig. 13. The mass distribution for the (p 77) system was calculated by
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super-imposing the Akt reflection to the phase-space distribution.
The calculated and experimental distributions are shown in Fig. 14.

IV.2. Production angular distributions.

Since the main characteristic of reaction (1) consists in going
essentially through the reaction (2), the production angular distribution
can give informations on the angular momenta of the waves involved in
the process. In Fig. 15 the differential cross sections for the various
photon energy intervals are given. The plotted events are those for
which 1.15 GeV/c2 = M(prc) < 1.30 GeV/c2.

Good fits were obtained with second order polynomials of the
type:

(3) 57(0) = A, +A  cos8+A, cos® 0

in all the energy intervals (O being the angle in the c. m. s. between
the incoming photon and the outgoing 7t7).

A fit with higher order polynomials was also tried to take into
account the eventual contribution of higher order waves or the photon-
-meson current interaction term deriving from an OPE diagram(s). In
most of the cases, however, the fit was no better. The only exception
are the IV, V and VI intervals (0.6 GeV = E y = 0. 75 GeV), where a
good fit was also obtained at the third order in cos®.

Fig. 16 shows the coefficients of the expansion (3) vs. the pho
ton energy. As one can see, the Ag coefficient is significantly different
from zero only in the central zone of energy, while A{ has a minimum
in the same zone.This behaviour could again indicate the presence of

some effect which, however, is
b i Az not matched by the presently
2 + available models or theories.
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IV.3. Isobar excitation mechanism.

We also tried to analyse our data concerning the decay angular
distributions of the A -isobar at various photon energies by means of
the resonant model. This analysis was already carried out with our
preliminary data(3), We report here again briefly the arguments and
the hypothesis on which the calculation of the expected distributions is
based and apply them t> the present data with improved statistics, which
allows us to split the whole energy range in ten intervals.

If one assumes first that reaction (1) goes entirely through an
isobar excitation, which, in order to explain the measured production
ratio

_[...
R = v+ P > AC + & 4 1 .
T+p = ATT+m” 9

must have T =1/2, and secondly, for the sake of simplicity, that the
contribution of A© is negligible, then the distribution of the photon an
gle in the A-isobar rest system, with respect to the direction of the
A-isobar itself in the total c. m. s., can be calculated(7),

In order to obtain this angular distribution, a Lorentz transfor
mation should be done, which could change the A polarization and, by
consequence, the final angular distribution. To overcome this difficulty
a rotation can be made so that the quantization axis coincides with the
A -isobar direction in the total c. m. s. By so doing the Adair approxi-
mation is no longer needed.

The calculated distributions were integrated over the photon
energy, as well as over all the 7~ angles (in the overall c. m. s. ) and
momenta, and over the other angle Y of proton emission in the A-
-isobar rest system. In Fig. 17 the experimental angular distributions,
for the events with 1. 150 GeV/c2 < M(p £*) < 1. 300 GeV/c?2, are shown
for the different energy intervals. The reported curves represent some
calculated distributions, with the condition that the intermediate state
be a pure Ppj-state (M = 1420 MeV, " = 100 MeV), or a pure D,3-state
(M = 1525 MeV, " = 75 MeV) or a mixture of these taking into account
the interference effects.

As one can see, a predominant P;;-state excitation in the chan
nel P;q —> AT 4+ %~ can be excluded, while the discrimination is
poor against a small presence of P;j with respect to the Dy3.

A choice was attempted by fitting our experimental data to the
various curves. The results are reported in Table II.

0 ."
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TABLE II

Results of the best fit of the proton angular distribution obtained with different mixtures
of Dy3 and Py4y. In the first column the relative strength of the D;3-state and P;{-state
is reported. The energy intervals are the same as in Table I. The quoted values are
X2/n (n = number of degrees of freedom).

EK— interval
D13:P11 1 2 3 4 5 6 7 8 9 10
0z 1 1.25 2.84 | 4.5.} 5.74 | 5.24 | 5.55 2.80 | 1.45 | 2.67 | 2.13
133 1. 02 1.54 | 1.86 | 2.44 | 1.42 | 1.58 0.91 § 0.80 | 1.26 | 1.B
0. 95 113 | 1.19 | 1.67 § 3. 23°] 1.382 0.82 | 0.77 | 1.06 | 0.93
131 0.92 0.64 | 0.75 | 0.88 | 1,10 | 1.15 0.76 | 0.76 | 0.89 | 0.78
2% 1 0. 93 Q.53 | 0.66 | 0,71 | 1.05 | 1.10 0.73 | 0.74 | 0.83 | 0.87
R 0. 93 0.53 | 0.64 | 0.6% | 1.G3 | 1.09 0.72 1 0.73 | 0. 797 9.85
149 0. 93 0. 53 0.63 0.67 1,02 1,08 0. 72 0. 73 0,78 0, 84

T2
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V. - THE TWO-PION SYSTEM. ~

Since 1962 many experiments have shown the existence of ano-
malies in the mass distribution of the (7717 ~) system between the
threshold and the § -meson mass. Conversely, there is an almost
equal number of experiments which do not show any effect or in which
the positions of the bumps seem not fixed but depend on the kinemati-
cal conditions. It is evident that the situation is absolutely unclear, in
spite of the great deal of both experimental and theoretical work which
has been done.

As regards the photoproduction process, in a previous counter
experiment at Frascati some evidence of the existence of a resonant
state (the so-called 6 -meson, M =400 MeV, T =J = 0) was found(8).

In Fig. 18 the mass distributions of the (fC+/C_) system are
reported, together with the curves calculated by adding the expected
percentage of phase-space to the A*T contribution in this channel.
The agreement between the experimental and calculated distribution
is noticeable, and we do not observe any enhancement which could
imply the existence of a ( £+ Z£~) resonance. Moreover, the significant
difference between the 7t ™ and 7z~ angular distributions (see Fig. 19)
rules against an interpretation of the data in term of the decay of an
intermediate state (say Pq11) into proton plus 67, as suggested by
Lovelace(g). In fact, because of the 6 quantum numbers, this would
imply equal distributions for the two pions.

VI. - CONCLUSIONS. -

We have reported the final results of an analysis of the photo-
production process of two charged pions on proton. This investigation
is now being extended by our group to the other double photoproduction
reactions on neutron and proton by means of deuterium and heavy liquid
bubble chambers, so that a complete experimental picture will be avai-
lable.

As far as the reaction 2+ p —> p+7ZT +7 "~ is concerned, the
main features, below 1000 MeV, can be summarized as follows:

a) The total cross-section increases rapidly with the energy. It reaches
a maximum at 650 MeV and then remains about constant.

b) There is a very abundant production of the A -isobar in the A++(7T+p)
charge state, while the production percentage of its neutral charge state
(Z"p) is very low.

c) The total cross-section of & -isobar production shows a peak at 650
MeV, which may be due to a resonant state. In this energy interval also

€ °
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the A angular distribution (c. m. s. ) is modified. These fact suggest
trying to fit the data with the isobar excitation model, the intermediate
state having T=1/2. However, while an analysis of the decay angular
distribution of the A -isobar certainly excludes a predominant P17 chan
nel, our present data do not allow us to draw definite conclusions on the
formation of this resonance in the investigated reaction.

d) The mass distributions of the (?c+7t') system do not show any enhan-
cement which may be attributed to a (7:"'/2') resonance with mass below
600 MeV/c2.

Finally, we want to stress out that the actual interpretation of
our experimental data is not yet satisfactory, because some unsolved
questions require a comparison with the data on all the other double
photoproduction processes. We think, therefore, that the situation will
become clearer after all the complementary processes have been inve-
stigated by us in the bubble chamber experiments which we are presently
carrying on.
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