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Summary.. — Photoproduection cross-section of the »-particle for incident
photon energies K from ~ 800 to ~ 1000 MeV has been measured at the
1.1 GeV Frascati electronsynchrotron. The differential cross-section for
this process, at a c.m. angle of the n of ~ 110°, turns out to be fairly con-
stant for 830 MeV << K < 900 MeV, and drops down by a factor 5 to 10
at K = 950 MeV. These results are discussed in terms of a comparison
with the data on the production of n’s by pions, and with the data on
pion-nucleon scattering and pion photoproduction. The conclusions are
in agreement with the hypothesis that the -/’ system is dominated at
low energies by a resonance with orbital angular momentum [=0
(83,3 resonance).

Introduection.

In this paper we describe an experiment which has been carried out during
the last year at the 1.1 GeV Frascati electronsynchrotron, in order to measure
the differential cross-section for photoproduction of the n-particle in the reaction
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984 C. BACCI, G. PENSO, G. SALVINI, C. MENCUCCINI and V. SILVESTRINI

The experimental results have been already synthetically presented elsewhere (*).

In Sect. 1 we describe the experimental lay-out. The criteria used in the
analysis of the data are discussed in Sect. 2. The experimental results are
presented in Sect. 8, along with a discussion of possible sources of errors.
In Sect. 4 we compare our results with the results on v production by pions,
as well as with pion-nucleon scattering and pion photoproduction. Our conclu-
sions are presented in Sect. 5. '

1. — Experimental arrangement.

The experimental lay-out is shown in Fig. 1. It is similar in principle to
the one used in our previous experiment (2), which has been described in detail
in ref. (3), but it has now a much larger acceptance and better resolution.

n line of flight

.

Fig. 1. — Experimental lay-out (see Table I). & Pb, Al, i concrete, [ polythene,
B plexiglags, & Cu.

(1) C. Baccr, G. Penso, G. Sanvini, C. MENCUCCINI and V. SILVESTRINI: Phys.
Rev. Lett., 16, 157, 384 (1966). See also: Proceedings of the International Symposium
‘on Blectron and Photon Interactions at High Hnergies, Hamburg, June 1965.

(2) C. Baccr, G. PENsO, G. SALVINI, A. WATTENBERG, C. MENCUCCINI, R. QUERZOLI
and V. SinveSTRINI: Phys. Rev. Lett., 11, 37 (1963). o o

(3) C. Baoccr, G. PExsO, G. SALVINI, A. WATTENBERG, C. MENCUCCINI, R. QUERZOLI
and V. SiLvEsTRINT: Laboratori Nazionali di Frascati, Internal Report LNF 64/6
(1964).
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7) PHOTOPRODUCTION CROSS-SECTION ETC. 985

The main point in our arrangement is to detect the recoil proton in the
proton telescope P.T. (measuring its angle and energy), and the y-rays from
neutral decays of the 7 in the Cerenkov ¢ (measuring their energy).

The Cerenkov C is set on the line of flight of the . The kinematical situa-
tion with the specific values of 6, (angle of emission of the proton in the lab.)
and 0: (angle of emission of the v in the c.m.s.) is given in Fig. 2.
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Fig. 2. — Kinematics of reaction (1): laboratory proton angle (6,) vs. laboratory proton

kinetic- energy (7). Curves parameters: incident photon laboratory energy (K) and

c.m. angle of the v (65). The shaded areas represent the kinematical situations chosen
' in the present a), and in our previous (%) experiment b).

The y-ray beam from the Frascati 1.1 GeV electronsynchrotron is incident
~upon a 7.4 cm liquid-hydrogen target (4). The proton telescope (Fig. 1) consists
in the scintillators S, to 8,, the plexiglass Cerenkov counter Cp, and the four
spark chambers 8.C.1 to S.C.4. This telescope meagures the energy of the recoil
proton through their range in the spark chambers, and discriminates against
pions and electrons. The vy-telescope (total absorption lead-glass Cerenkov
counter ¢ with an anticoincidence S, in front) which detects y-rays in coinci-
derice with the protons, measures their energy through the pulse height.

(%) V. MoONTELATICI: Nucl. Inst. and Meth., ;29, 121 (1964); ‘and Laboratori Nazio-
nali di Frascati, Internal Report LNF 62/20 (1962). '
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7 PHOTOPRODUCTION CROSS-SECTION ETC. 987

The proton telescope, the y-ray telescope and the block diagram of the
electronics are described in the following. A list of the characteristics of counters,
absorbers and spark chambers is given in Table I.

1°1. The protm‘% telescope. — The proton telescope (Fig. 1) is centered at an
angle §, = 20.6° with respect to the incident photon beam direction and has
an angular acceptance Af, = +2.4° corresponding to a solid angle, defined by
counter S;, of 6.7 mgr in the laboratory system.

The elements of the proton telescope are (Fig. 1):

Sos Sy Ss; S5, 8,: scintillation counters;

Cp: plexiglass Cerenkov counter;
S.C.: spark chambers;

A, B, C,: aluminum abgorbers;

D: copper absorber.

The spark chambers (°) are sandwiches of aluminium plates (3 mm thick),
and glags frames (5.5 mm thick) glued with araldite. Henogal gas mixture
(65 9, neon, 359, helium) is circulated in each chamber. A hole in each alu-
minum plate, at opposite corners for neighbouring plates, allows gas circulation
through all the chambers. Bach chamber has 13 aluminum plates (12 gaps);
S.0.1 and S.C.2 are (31,5x31,6) em?; S.C.3 and S.C.4 are (41,5%41,5) cm?
useful area.

The spark chambers are driven by four spark-gaps in air, which are trig-
gered when a coincidence of a «proton» with a y-ray in € occurs.

A «proton » is defined by the coincidences:

N, = 8,(8, D) 8, Saget or Ny, =28,8:8:8; 845_’?7

S and Cp being in anticoincidence. (S; D) means a discrimination on the pulse
helght of the counter 8.

The triggering through N, or N, guarantees that all the plotons stopping
in the four spark chambers are counted. In fact N, are particles entering S.C.3
and 8.C.4 (Fig. 1). Since pions and electrons entering 8.C.3 and S.C.4 are above
the Cerenkov threshold in Op, there is only a small contamination of them in N,.

Conversely, pions stopping in S.0.1 and S.C.2 are often below threshold
in Cp, which therefore has not been used in N,. The discrimination on &S,

(%) C. Bacci, V. Bipoir, G. Sarvint and M. SpINETTI: Istituto di Fisica, Universit
di Roma, Internal Report n. 66.

7197



988 C. BACCI, G. PENSO, G. SALVINI, ¢, MENCUCCINI and V. SILVESTRINI

however, eliminates a good percentage of pions stopping in 8.C.1 and S.0.2
without eliminating protons. The additional condition of a coincidence with
a y-ray in O, reduces to~109%, the contamination of pions in the triggers
of the spark chambers. Finally, the pulse heights in S, and 8§, are digitized
and recorded on each photo: complete elimination of pions is then allowed,
when analysing the data, by a two-dimensional pulse height plot for particles
stopping in a small range interval (Fig. 3).
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Fig. 3. — Bidimensional plot of pulse heights in counters S, and S;. Proton are clearly
_ separated from electrons and pions.

The wedge-shaped aluminum absorber B in P.T. corrects for the depend-
ence of the energy of the recoil protons from reaction (1) on their angle of
emigsion. This allows a one-to-one correspondence between the energy of the
incident photon and the stopping gap of the proton in S.C., simplifying the
analysis of the data. |
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‘1 PHOTOPRODUCTION CROSS-SECTION ETC. 989

1°'2. The y-ray telescope. — The total-absorption Cerenkov counter ¢ (Fig. 1)
is a cylinder (30 cm in diameter, 25 e¢m thick) of lead glass manufactured by
Schott (Jena), 609, in weight of Pb, with a radiation length of ~2.5 cm; it
is viewed by three 58 AVP phototubes.

The containér 6f the phototubes, with = %007 v
their voltage dividers, is cooled with = | e
forced air circulation to avoid drifts §> . d
due to changes in temperature. § 400} @/

A lead collimator in front of ¢ (Fig. E i . pd
1) reduces the useful area to 256 cm in  § | /
diameter. The anticoincidence counter  ° 0_215 cl) 2i5 = 7'5 00
S, is placed between the lead collimator P H. A channel

and the Cerenkov. A slab (E) of polythe- Fig. 4. — Results of the calibration of the
ne 6 cm thick shields S, from low-energy 1eaq glass Cerenkov O: energy of incident
particles, to lower the rate of accidental electrons vs. average pulse height analyser
anticoincidences. channel.

The Cerenkov counter ¢ was cali-
brated using monochromatic electrons from the Frascati pair spectrometer ().
The result of the calibration pulse (height analyser channel vs. electron energy)
is shown in Fig. 4.

The resolution during the calibration turned out to be ~ 4209, (half
width at half maximum) at 500 MeV, changing as ~ 1V E with the electron
energy.

1'3. The electronics. — The block diagram of the electronics is shown in
Fig. 5. Most of the elements used are described in ref (). The part concerning
the coincidence between the proton channel and the y-ray channel has been
duplicated in order to have a simultaneous measurement of the accidental
rate which is, for the coincidence y-proton, as high as ~109,. The accidental
rate in the proton channel is much smaller ((2+3)%). |

The pulse height spectrum of the Cerenkov counter € is measured in a
multichannel analyser: the digitized output of the analyser is also recorded
on each photo, which thus contains the following information: angle and energy
of the proton from the spark chambers: we use the Berkeley range-energy
tables (8) to get the kinetic energy of the profon; energy of the v-ray in the
Cerenkov C; pulse heights in S, and S;.

(®) G. Borogna, G. DiamsriNI and G. P. Murras: Suppl. Nuove Cimenio, 24,
342 (1962). :

(") G. PENso and V. SizvesTrINI: Laboratori Nazionali di Frascati, Internal
Report LNF 64/45 (1964).

(®) M. Ricu and R. Mapry: U.C.R.L. 2301 (1954).
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7 PHOTOPRODUCTION CROSS-SECTION ETC. : 991

2. - Data reduction.

After the elimination of pions and electrons from the particles detected
in P.T. our information is summarized in a bidimensional plot, whose co-ordinates
are: the stopping-gap of the proton, that is a quantity which goes with the

3

—
6]

IFig. 6. — A typical result of the step method :
energy spectrum of protons in coinecidence
with a y-ray in O with energy E., > 420 MeV.
The step characteristic of recoil protons
from reaction (1) is clearly wvisible, over- L N N \

posed to a small background. The expected M =570 MeV +\550 530

position of the step for different values of ! \\ +\\‘L+ +\_

the mass of the n is shown. The machine 0 00 : 250 +1+‘+3‘6+6+"*L+_+_'+
energy (H,) was 900 MeV. proton kinetic energy (MeV)

o
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kinetic energy 7' of the proton; and the multichannel response to the Cerenkov O,
that is a quantity going with the energy K. of the detected photon. When we

2001 \
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’ * +
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Tig. 7. — Result of the y-ray method: energy spectrum of photons in O in coincidence

with protons whose energy was compatible with being recoil protons from reaction (1).

The spectrum is fitted with the expected shape for photons from the neutral decays
of the =.

project this plot on the proton axis, we obtain the proton energy spectrum
(Fig. 6); when we project on the y-ray axis, we get the energy distribution of
the v’s (Fig. 7).
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992 C. BACCI, G. PENSP, G. SALVINI, C. MENCUCCINI and V. SILVESTRINI

Both the photon spectra and the proton spectra contain useful information
on reaction (1). ‘ |

2'1. y-ray spectra. — The n can undergo at least the following decay modes:
n—>mtny,  n—yy,  p—eryy,  nowimet, o n—>3nt
The éx,‘_pected energy spectra of photons entering ¢ from the neutral decay

modes of the v are shown in Fig. 8. They have been computed in the statistical
model, using the Monte Carlo method.

ol The finite dimensions of the counters
e} and the energy resolution of the Ceren-
=6r Pt ] kov C have been taken into account.
EM i The spectra are normalized to equal
% ] Py probability for the different decay
%2 L &, modes. Therefore the area
\QJ

o 200 400 500 800 o

E, (MeV) [(pi(E'Y) dBy

Fig. 8. — y-ray energy spectra in U ex-

pected from the decays of the =. The . L
calculation has been done in the statisti- represents the efficiency of detection in

cal model. Experimental resolution is fold- C of the ¢-th decay mode (i stands for
ed in. For spectra normalization see text. vy, 37° ©yY). As we see, the spectrum

due to the decay mode v — vy i8 quite
different from the others: it is a peak whose width is determined practically only
by the energy resolution of ¢ and centered at an energy of 480 MeV, where the
contribution from the other decay modes is rather small. The spectrum
from background processes (multipion production) is very similar to the
spectrum from the decay m — 3n°. The spectra of Fig. 8 refer to an incident-
photon energy K = 900 MeV, but they are quite insensitive to this parameter.
Once an experimental E.-spectrum has been collected (referring to protons
stopping in a small range interval, that is to a small K interval), the number
of events due to reaction

(2) Y+Pp—=>"+D

o

can be extracted by fitting the spectrum with the curves of Fig. 8. This method
is not very satistactory, due to the rather poor resolution of the Cerenkov C.
However, the results we got are in very good agreement with the results of
the more powerful step method, which we are going to describe.

7132



7 PHOTOPRODUCTION CROSS-SECTION ETC. 993

2°2. Proton spectra. — The energy spectrum of protons from reaction (1)
is expected to be an image of the bremsstrahlung spectrum, wheighted with
the cross-section for process (1). Therefore it must show a step, corresponding
to the end of the bremsstrablung spectrum. The height of this step over the
smooth spectrum of protons from background processes is proportional to the
cross-section for process (1). The main difficulty of this method is that the
step is generally very small, over the total contribution of background processes.

However, if we select protons in coincidence with high-energy photons in
the Cerenkov € (for instance B, >420 MeV), it is clear from the spectra of Fig. 8
that not very much is left but the contribution of process (2). In fact, we get
in this case proton spectra which are very close to pure steps, the contribution
from background processes being quite small (Fig. 6).

This background has been evaluated on the following line: by collecting
experimental data at many different values of the machine energy (#,), a siste-
matic investigation of background processes is performed in the kinematical
region just below threshold of v production at owr angle. We then extrapolate
in the region where the 7 is produced as described in detail in ref. (3). It is
worth noticing however that the multipion background is less important in
this experiment than in our previous one (%), since in the chosen kinematical
region the cross-section for reaction (1) turned out to be a factor 5 to 10 higher
than before, the multipion background being almost unchanged.

3. — Experimental results.

3'1. Step method. — A tipical proton spectrum in coincidence with photons
~in the Cerenkov counter of energy = 420 MeV, is shown in Fig. 6. The expected
position of the step for different values of the mass of the v is also shown. As
we see the background from processes other

X . . mass of the created particle (MeV)
than process (1) is indeed very small. In 570 550 530
Fig. 9 the difference between two proton 156 [

spectra corresponding to different energies

£ |
E, of the electronsynchrotron (900 MeV and & ol %: +
860 MeV) is given. In this case, the spec- » :
trum is & peak, whose position corresponds to a E } l Jj
8 5f |
5 o
1
, : , |
Fig. 9. — Typical result of the differentiation 1 L +_ 4
& P ? - Y0 250 +I+T 350

method: difference between two-proton energy

spectra (in coincidence with photons of energy

E,>420 MeV in O) taken at different values of the machine energy (E,= 900 MeV and

Ey=860MeV). The expected position of the peak for different values of the mass of
the v is shown (upper scale).

proton kinetic energy (MeV)

63 — Il Nuovo Cimenito A.
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994 C. BACCI, G. PENSO, G. SALVINI, C. MENCUCCINI and V. SILVESTRINI

mass of the » of 550 MeV, with an error of a few MeV. The absolute calibration
of the machine energy, and of the energy scale in the proton spectrum, was
checked by making a similar step-spectrum from single =° photoproduction (2),

From the various spectra of the type shown in Fig. 6 one can calculate the
cross-section for process (1):

3) do _n &
( - A0~ & N N AQ*

'where

— do/dQ* is the c.m. differential cross-section relative to a given c.m. angle
6, of emission of the = in reaction (1);

— mis the number of v events observed in a given energy interval of the incident
photons;

— ¢ is the efficiency of detection of the v through its decay products. e can
of course be calculated once the spectra of Fig. 8 are known. The main
source of error in ¢ comes from a possible error in the absolute calibration
of O, affecting the energy cut-off at a nominal value of 420 MeV. A pos-
sible error of 479, in the energy calibration was propagated to s A
factor of ~ 0.94 was applied to the efficiency to correct for the absorption
of y-rays in the polythene in front of &§;.

— Ny, is the number of protons per em? in the H, target. From the geometry
of the liquid hydrogen target, N, was evaluated with an estimated error
of +£39%.

— ¢ &, are correction terms which take into account the nuclear interactions
and the Coulomb scattering in P.T., respectively. & was evaluated using
a mean free path for interaction in aluminium A =110 g/ecm?, as extracted
from MILLBURN et al. (°). A possible error of +209% in A was propagated
to &. & was evaluated to be ~1 in our telescope. ‘

— AQ* = (40Q*/d2)AQ is the c.m. solid angle of the proton telescope. It was

- calculated from the geometry of the telescope, and checked by making a

distribution of the events as a function of the entrance point in the spark
chamber (Fig. 10). This checks also that e ~ 1.

— N, is the number of incident photons in the concerned energy interval.

(®) G. P. MizLBurN, W. BirnBaUM, W. E. CraxDALL and L. SCHECTER: Phys.
Rev., 95, 1268 (1954). ‘
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7] PHOTOPRODUCTION CROSS-SECTION ETC. 995
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Fig. 10. — Distribution of protons entering 3.C.1 as a function of the entrance co-ordinates.
This distribution fits well with the shadow from the H, target of counter S,, which defines
the solid angle. The fiducial marks F indicate the useful area of the spark chamber.

We have
1 K

——pl=

=3 (%

() axe,

‘where
— (1/K)b(K/[E,) is the energy spectrum of the bremsstrahlung beam (19);
— AK = (AK[dT,)AT, is the accepted energy interval of the incident photons;

— K is the average value of the energy of the accepted incident photons;

(1) G. DiamBrINI, A. 8. Figuegra, B. Risporr and A. SERRA: Nuovo Cimento, 19,
250 (1961).
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996 C. BACOI, G. PENSO, G. SALVINI, C. MENCUCCINI and V. SILVESTRINI

— @ is the number of equivalent quanta measured with a Wilson quanta-
meter (1);

N, was considered known with an error of 45%, due to a possible error
in the calibration of the Wilson quantameter;

8'2. vy-rays method. — As we said, the number of events n —yy is extracted
from the vy-ray spectra by fitting the experiméntal spectra (Fig. 7) with the
computed spectra of Fig. 8. The cross-section is then computed on the same
lines as for the step method.

The results of the two methods are clearly not statistically independent.
The consistency of theé results obtained with the two methods (Fig. 11) checks
against systematic errors in the extraction of n-events from background.

6 (+) (9
- 106°  12° 116° 1nge 120°
T T T T
9: (2) \
102° 104° 108° 108°  110°
0.5 = T T T T T _1

o
[0}

0.4 1 , }

) : 11.0
n e N W .
o [ T
203+ jL ‘ . 0.
- B

0.2+ | » ]
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—10.2
% i

O { { | 1 i) {
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incident photon energy K (MeV)

s s
~ o
(da/d 2*) (pb/sr)

threshold

Fig. 11. — Experimental results on »-photoproduction cross-section around 90° +=120°
c.m.s., available up to now: e present results (step method); o present results (y-ray
method); o Frascati 1963 (2); & PREPOST ef al. (?); » DELCOURT el al. (*%).

(1) R. R. WiLsoN: Nuel. Instr. and Meth., 1, 101 (1957).

(12) R. PreposT, D. LunpqQuist and D. QUINN: Hia photoproduction in the region
from threshold to 900 MeV, in Proceedings of the International Symposium on Hlectron
and Photon Interactions ot High Energies, Hamburg, June 1965.

(13) B. DeLcOURT, J. LEFRANCOIS, J. P. PEREZ Y JOoRBA and J. K. WALKER: Phys.
Lett., 7, 215 (1963).
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Tasre II. - Differential cross-section for the process yv+p—n+p as obtained with ihe
' step method.

K - (dofd0%),., (do/d Q%) 0%
(MeV) (10—31 cm?/sr) (1031 em?/sr) (deg.)

(1 (2) (3 (@
836 4.24 + 0.51 11.1 + 1.3 107
841 3.29 1L 0.51 87 4+ 1.3 108
847 4.05 -+ 0.59 10.7 4-1.5 109
853 3.71 4- 0.59 98 -+ 1.5 110
859 4.05 4+ 0.59 10.7 4-1.5 111
866 4.14 -+ 0.51 10.8 + 1.3 112
873 4.05 4- 0.59 10.7 + 1.5 113
879 3.04 4 0.59 8.0 +1.5 113
884 3.374+0.76 8.‘8 + 2.0 114
889 3.04 4- 0.76 ' 8.0 2.0 114
895 3.46 4+ 0.76 ' 9.1 +2.0 115
905 2.836 + 0.42 : 6.2 4 1.1 115
915 1.35 4+ 0.59 3.6 +1.5 116
921 1.35+ 0.68 3.5 +1.8 116
926 2.23 + 1.30 59 +3.4 117
932 1.95 4 1.30 51 +3.4 117
937 2.14 4 1.40 . 5.6 4+ 3.7 118
944 0.65+ 0.84 1.7 £+ 2.2 118
950 0.28 4 0.93 0.74 2.4 119
955 0.56 + 1.02 1.5 2.7 119

Col. (1): energy of the incident vy-ray, laboratory systemi.

Col. (2): differential crosg-section in the c.m.s. relative to the 7 decaying in the mode » —yy.

Col. (3): differential cross-section in the c.m.s. for n —all modes (I'vy/Iyy= 0.38 from the world

average (*).
Col. (4): Center-of-mass angle of the .

Tasre IIL. — Differential cross-section for the process y-+p—n-+p (y-rays method).
. For symbols see Table II.
K , (do/dQ*),., (do/dQ*)
(MeV) (10— cm?/sr) (103! em?/sr)
(1) (2) 3)
8391+ 8 3.38 + 0.61 891L1.6
8574 10 1 3.734 0.63 9.8+ 2.6
889 4+ 21.5 3.13 + 0.50 8.2+ 22
9274+ 174 1.73 4+ 0.47 46+1.2

(14) A. H. ROSENFELD, A. BARBARO-GALTIERT, W. H. BarRkas, P. L. BasTIEN,

J. Kirz and M. Roos: Rev. Mod. Phys., 37, 633 (1965).
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3'3. Results. — In. Table IT (column 2) the results for the cross-section (do/dQ™)
(n —yy) are given (step method). In Table III (column 2) the values of this
cross-section from the analysis of the y-spectra are also given.

The values of the cross-section (do/dR2*) for the process

Y+Pp—>n+D
> all modes

reported in column 3 (Table IT and III), are obtained by dividing the measured
cross-section for y-+p->m-+p, by the branching ratio

1Y
Ny
7 —all modes’

~which is known from the world average (**) as 0.384-0.03.

In Fig. 11 we report (do/dQ*)(n—yy) (ordinates on the left) and
(do[dQ*) (q —all modes) (ordinates on the right).

In Table IV the photon flux used to collect each set of data is reported in
equivalent quanta.

TaBLE IV. — Photon flux used to collect the data. Different values of the machine e-
nergy were set %_du_ring the measurements, in order to get a good evaluation of multi-
pion background.

Machine energy I, Number
(MeV) ' of equivalent quanta
810 18.6-1012
1860 " 20.0-102
900 31.0- 102
94.0 40.0-1012
980 , 19.9-1012

4. — Discussion of our results and eomparison with other data.

4°1. — Let us first make some immediate comments on our values of the cross-
section, reported in Fig. 11. The cross-section, at least at our angles, goes down
rather drastically from K = 860 MeV to 950 MeV. We know from the work
of PREPOST ¢t al. (**) that the eross-section for process (1) rises from threshold
(710 MeV) rather abruptly and stays more or less at the same value from
~.760 MeV t0 ~ 860 MeV. PREPOST et al (*?) also found that the cross-section
is rather close to isotropy at ~ 800 MeV.

The photoproduction of the m has therefore a fast rise and a rather fast
decrease, which immediately invites to look for a resonant behaviour, or at least
for the large phase-shift responsible for this anomaly.
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This question goes to the fundamental aspects of the »-baryon system: in
fact a similar behaviour (fast rise and rather fast descent), even if not so pro-
nounced, is observed in the reaction n—+p —v-4n by Buros et al. (**). Beyond
this, such a behaviour of the v cross-section appears in a dramatic way in the nA
system (*¢). In fact in the reaction K~ +p-—>7n-+4A the total cross-section
reaches its maximum at ~5 MeV above threshold in the c.m.s. (this cor-
responds to a c.m. momentum of ~ 50 MeV/c) and is again below one half
of the maximum at ~ 25 MeV above the threshold (that is about 140 MeV/c
of the v c¢.m. momentum).

The 7 seems therefore ready to appear in all channels as soon as this is
dynamieally possible. On the contrary, when the c.m. energy increases,
the » production goes down to much lower limits. In fact the » production is
low in pp annihilation (7); it goes also down very fast in the reaction nw~+p —
—7+n (**) when the momentum transfer —¢ goes beyond 0.3 (GeV)2.

The following of this section is devoted to a quantitative comparison of
the cross-sections for = and v production by pions and photons, as a contri-
bution to the understanding of the »-baryon forces, and their influence in
the so-called baryon spectroscopy.

4'2. -~ Let us start by stressing the following points:

— The data on »n-production are up to now too scanty to allow a complete
phase-shift analysis, independent from the hints and suggestions coming from
the 7N spectroscopy.

7 (1%) F. Bruvros, R. E. Lavovu, A. E. P1rER, A. M. SHAPTRO, M. WIDGOFF, R. PANVINI,
A.E. BrReENNER, C. A. BORDNER, M. E. Law, E. E. RoNaT, K. STRAUCH, J. J. SZYMANSKI,

P. BastieN, B. B. BrassoN, Y. EisExBERG, B. T. FrLp, V. K. Fisuer, I. A. PiEss,
L. Rosenson, R. K. Yamamoro, . CaLverii, L. GUERRIERO, G. A. SALANDIN, A. To-
MASIN, L. VENTURA, C. Voci and F. WALDNER: Phys. Rev. Leit., 13, 486 (1964).

(%) D. BerrLeY, P. L. Connorry, E. L. ‘Hart, D. ¢. Ragm, D. L. STONEHILL,
B. TaeveENET, W. J. WitLis and 8. 8. Yamamoro: Phys. Eev. Lett., 15, 641 (1965);
P. L. BasTieN, J. P. BERGE, O. I. DamL, M. Ferro-Luzzi, D. H. MiLLER, J. J. MURRAY,
A. H. RosEnFeLD and M. B. WatsoN: Phys. Rev. Lett., 8, 114 (1962).

(17) C. Barray, N. Barasu, P. FraxziNi, N. Gerranp, L. KirscH, G. LUTJENS,
D. MirLeEr, J. C. SEVERIENS, J. STEINBERGER, 1. H. Tawn, D. Tycro, D. ZANELLO,
R. GorpBERG and R. J. Prano: Phys. Rev. Lett., 15, 532 (1965); P. AxNiNos, L. GRAY,
P. HageErrYy, T. KALOGEROPOULOS, O. ParouBa, S. ZENONE, R. Bizzargri, G. CIAPETTI,
U. Dore, M. GASPERO, G. GIALANELLA, P. GUipont, I. Laakso, G. MoNETI and G. Na-
T0L1: Proceedings of the Second Topical Conference on Resonant Particles, Athens, Ohio,
June 1965; See also Proceedings of the LI Conference of the Italian Physical Society,
Bologna, November 1965.

(18) O. GuisaN, J. Kirz, P. SONDEREGGER, A. V. StirLING, P. BorGEAUD, C. BRU-
NETON, P. FALK-VAIRANT, B. AMBLARD, C. CAvERSAsIO, J. P. GUuirLauDp and M. YVERT:
Phys. Lett., 18, 200 (1965).
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— The 7 has in common with the =° all the quantum numbers (but isospin
and mass), and is in addition assigned to the same octet in SU, models
(the K, K, =, n octet (**)). This invites to the hypothesis that the 5-N reso-
nances are the same isobaric states of the w- N’ resonances with branching ratios
which may be estimated through 88U, and phase space (2-21).

— The n-N spectroscopy begins to be rather well known in the (0.5--1.2) GeV
region (from 7 scattering and = photoproduction data) and is characterized
by w- N resonances.

— The diagrams which contribute to % photoproduction (and probably also
to v production from pions at our energies) are essentially of the type given
in Fig. 12. They have therefore only nucleons or nucleon isobars as propagators
(here and in the following, N stands
N 1< for nucleon, N°* for any excited isobaric
state).
In this situation, it seems to us a nat-
_ ) o ural starting point to analyse the x-pro-
Fig. 12. — Typical graphs contributing to . . ' .
the photoproduction and = produetion of d1'10t10n data in terms of a comparison
w’s. N* stands for an isobaric state of ~With m-production data, in order to de-
the nucleon. termine if the 7-N system goes through
7 the same resonances as the mw-JN° sys-
tem, or if (also) there are peculiar v-N resonances. We shall see that the
second case is probably the right one. The comparison must be done between
- N and »-N states with the same isospin and total angular momentum.
To compare the - N and the 7-N systems, let us consider the following
cross-sections, and ‘the corresponding reactions with a proton in the initial
state:

N N

(4a) (dp) THp 1,
o .
(4b) ( ) T +p—>n®+n,
(4¢) (d(‘i;;*) L T +p—>7n"-+p,
d
(5a) | (dg*) Yy +p—>7n +Dp,

(19) M. GELLMANN Phys. Rev., 125, 1067 (1962).
(2°) A. W. HexprY and R. G. MoORHOUSE: Phys. Lett., 18, 171 (1965).
(21) R. DASHEN: Nuovo Cimento, 32, 469 (1964).
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do
(50) (_) 4P m b,
dQ* ‘\{Tco, Y [
do
%) : ) Y +p—>mtin,

and the corresponding total cross sections o(n—,7) ete.

We must first separate the different isospin states. Our procedure stays
on the following points

The reactions (m—, ), (y,v) are pure T =} states.

All the other processes indicated in (4), (5) are mixtures of T =4 and
T = % isospin states.

It is possible to isolate the 7' = } isospin in the = scattering: in fact

It is not generally possible to isolate the 7' = 1 state in = photoproduec-
tion, unless we are in a region where 7 = 3 is negligible or rather low. This
seems to be our case (). |

With*thisassemption the relations among the elastic and charge-exchange
cross-sections (4) and the photoproduction cross-sections (5) -become rather
simple, and with sufficient approximation we assume:

(6) 0nn(T = %) = §[o(m~, ) + o(n™, =]
for the scattering, and
(7) a'yrr.'(T = §) = o(y, ©°) + oy, ™) = 3a(y, ©°)

for the photoproduction.

(*) The assumption that in our energy region ((800--1000) MeV of the incident
y-ray) the states 7= § give a small contribution, may be rather well justified:
No resonant state in 7' =  seems to play an important role between 1400 and
1800 MeV total mass (that is between 600 and 1200 MeV for the incident photon energy).
In our energy region the ratio o(y, nt)/o(vy, =°) is rather close to 2:1, as predicted
for T'=14.
This ratio is close to 2 at 180° of the =, where the contribution of the direct
- photoproduction term in the nt channel is zero. (We thank Prof. C. ScHAERF for indi-
cating this point on his data).
The cross-section for =t scattering (nt+p-—>=wr-+p) is lower than the corre-
sponding n~ scattering by more than a factor 2 (22) in the concerned energy region.
(22) J. A. Herraxp, C. D. Woop, T. J. DevuiN, D. E. Hacer, M. J. Loxeo, B. J.
Moyer and V. Perez-MENDEZ: Phys. Rev., 134, B 1079 (1964).
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These relations are also valid for the differential cross-sections, which are
indicated as

(do/dQ*)I=, (do/d2*)=  ete.

We make now use of these reactions to compare v processes and pion pro-
cesses in the same isospin state, T'= 1. In particular we compare the ratios

(8) Ryl6) = (do/a&2*)7z (da/dQ

(A0/A*)y, " (do[d %)y,
and
-  (do/AQ%)I=t 3 (A0/AdR¥)pr- + (40/0.0%),-
9) Enl0) = (dojd*), — 2 (do/dR%),.,

We indicate by E_ (total) and R, (total) these ratios when referred to the
total cross-sections.

The values of E., R as a function of the energy are given in Fig. 13. We
calculated the value of E_(120°) using our measurements for the v, and the
results of other authors on the = photoproduction (*). X, (total) was obtained
as 4R (6), this hypothesis being supported by the isotropy of reaction (1)
at ~ 800 MeV (%2).

The values of R_(6) are deduced from the measurements of BULOS ¢ al. (14)
on the 7, and of the same authors (24) and of HELLAND et al. (22) on the pion
exchange and scattering.

The abscissa in Fig. 13 is linear with the momentum (P:) of the v in the
c.m. system. The angle chosen for E_(0) is an average in the interval 80°=-120°
of the » and the w in the c.m.s. The value E_ (total) is less meaningful, due
to the very large contfribution of the forward scattering in (n—, =~) and (w—, =)
processes. This large contribution is probably due to the inelastic processes
which reflect themselves in the elastic channel as diffraction scattering (%).
Anyway; R_(total) is reported in Fig. 13, and exhibits the same qualitative
behaviour than all the other E values shown there.

The E values allow a first quantitative compa,rlson between the - N and
7n-N final states. We remark:

(?%) R. DisBoLD: Phys. Kev., 130, 2089 (1963).

(#) F. Buros, R. E. LLavou, A. E. PirER, A. M. SEAPIRO, M. WIDGOFF, R. PANVINI,
A.E. BRENNER, C. A. BorBNER, M. E. Law, E. E. Roxar, K. STRAUCH, J. J. SZYMANSKI,
P. Bastiexn, B. B. BrapsoN, Y. EisENBERG, B. T. FrLD, V. K. FisuEr, I. A. P1ESS,
L. Rosenson, R. K. Yamamoro, G. CALveELLI, L. GUERRIERO, G. A. SALANDIN, A. To-
MASIN, L. VENTURA, C. Vocr and F. WALDNER: Phys. Rev. Lett., 18, 558 (1964).
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Fig. 13. — The ratio of the =- to n-production cross-sections, ag a function of the c¢.m.

momentum (P;f ) of the 7 (upper scale). The laboratory energy of the particle producing

the reaction is also reported in the lower scales: kinetic energy of the pion (7)) and

photon energy (K). R, and E_ are defined in the text. e E. (8), 6 =120° (Frascati,

DieBorp (®)); o R, (total) (Frascati, DieBoLD (%)); = R.(f), 80°< §< 120° (HzL-
LAND et al. (22), BuLos et al. (*)); a B (total).

@) in the region 140 <P’;<300 MeV/ec the values of R, and E_ are rather
low, constant, and close in absolute value. This means that the v is rather
abundant in this energy interval (one v every 4 or 5 pions); in addition,
being F.(6) so close to R, (f), the isospin formalism we followed to extract the
T = } state gives results which are remarkably consistent with the experimental
evidence. '

b) As we go beyond 300 MeV/e of Pi:, the ratios R increase rapidly to
show that pions (from the elastic channels and from single photoproduction)
become relatively more abundant with respect to 7’s. ‘

Frorri these results we could be, at first sight, led to conclude that the 7
shares with the pions the second resonance: N** (1512 MeV), D, ,.
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- However, following an argument by DASHEN (%), the angular momentum
factors alone would reduce the contribution of N**(1512) in the v production
by a factor larger than 200 as compared to the = production. This is very
low as compared with the experimental values of B we gavein Fig. 13, unless
we assume unreasonably high values for the »-N-N** coupling. If any, there
is some evidence that the couplind GHNN**) ~ 0.2G (N N**) (22%). Thus,
it is very improbable that the relatively high value of the v photoproduction
cross-section at (760--850) MeV of the incident photon, can be due to the
second resonance (7).

4’3, — The high value of (da/dQ*)Y.n at our lowest energies and its fast
decrease after 900 MeV (Fig. 11) suggest therefore the hypothesis that there
is in the »-JN’ system a resonance or an important state which is not so relevant
in the 7N system. o

This conclusion is not new. In fact the idea that the behaviour of the
7 production near threshold is not due to the second resonance, but is rather
indicative of an S-wave resonance in the n-baryon system has already been
congidered by Gyuk and TUAN (*"). More recently HENDRY and MOORHOUSE (°)
have examined the situation after the measurements of Buros et al. (*) and
PAULI et al. (%) on the channels ‘

(10) T +p—>7-+n
and
(11) nt4+1n —n+p

They conclude that the sharp linear rise of the cross-section as observed in
reaction (10), as well as the isotropic c¢.m. angular distribution up to 800 MeV K.E.
of the pion, strongly suggest that the production occurs predominantly in an
S-state.

(23) 8. L. Grasgow and A. H. ROSENFELD: Phys. Rev. Lett., 10, 192 (1963); See also
ref. (21).

(*) Another argument to exclude the second resonance is in the fact that (do/d{£%)y,
as well as (do/dQ*),.-, are close to isotropy (1*%). A consistent attempt to reconcile
isotropy with a dominant Dy state has been done by ALTARELLI ef al. (26), when the
photoproduction isotropy was still unknown, by interference with an S-wave. It is
unprobable that the D-S interference works towards isotropy at the same time in the
photon and pion input channels.

(26) G. Avrrarerri, F. Buccerra and R. Garro: Nuovo Cimento, 35, 331 (1965).

(27) 1. P. GYyuk and 8. F. TuaN: Phys. Rev. Leti., 14, 121 (1965).

(28) E.PavLi, A, MULLER, R. BARLOUTAUD, L. CARDIN, J. MEYER, M. BENEVENTANO,
. GIALANELLA, L. Paorvzt and R. Finzi: Proceedings of the Sienna International Con-
ference on Elementary Particles, vol. I (September 1963), p. 92.
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More precisely, the cross-section goes approximately linear with the v center-
of-mass momentum, according to the formula for S-wave production

(12) - o(m+ N =71+ N)cc (%) VENEE

where we indicate by 1, 2 the two channels =N and n+ N respectively;
ki (k) is the ¢.m. momentum in channel 1 (2); T'j51s the transition matrix element.

To fix the character of this S-state interaction (that is to look for a resonant
behaviour) it is important to examine the development of the cross-section
values after the rise. HENDRY and MoORHOUSE (*°) find that the decrease at
higher energies is rather sharp, and seems to require a strong energy variation
in the T-matrix element. A strong energy variation has likewise been observed
in phase shift analysis of =-N scattering for the §,, partial wave at energies
near the v threshold (**®!), the behaviour being strongly suggestive of an
S-wave resonance in the inelastic channels.

On these suggestions, HENDRY and MOORHOUSE () went to a quantitative
analysis of channels 1 and 2. They used a multichannel effective range for-
malism (32) and arrived to the following conclusions:

~— There is a good correspondence in energy position between the S, , inelastic
pion collision nucleon (identified by the absorption parameter and its phase
shift) and the v production. Notwithstanding, the v production does not
fully account for the value of the absorption parameter: a background
from one or more channels seems to be necessary.

— When some space is left to the « background » then all the numerical com-
putations tend to individuate the S-state in v production as an 8, reso-
nance with the following characteristics:

(13) F, = 1519; 1505 MeV, I' =130; 77 MeV.

B, is the effective mass of the »-N resonance, while I is its full width.
The first values in. E, and [" come from using the evaluations of BRANSDEN
et al. (**) and the second values from AUVIL et al. (%9).

(**) B. . BranspeN, P. J. O’'Donner and R. G. MoorHOUSE: Phys. Leit., 11,
339 (1964); Rutherford Lab. Report NIRL/R/79.

(%) P. Aovir, C. LovELACE, A. DonNacHIE and A. T. Lua: Phys. Leit., 12, 76 (1964).

(31) L. D. Rorer: Phys. Rev. Lett., 12, 340 (1964); L. D. RorER and R. M. WRriGHT:
TUCRL 7846 (1964). | B

(32) M. H. Ross and G. 1. SHAW: Ann. of Phys., 9, 391 (1960); 13, 147 (1961);
R. H. Daurrz: Ann. Rev. Nucl. Sci., 13, 339 (1963).
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Now we go back to our results for photoproduction. It is interesting to
note that the decrease of the photoproduction cross-section with the energy
is fagter than in the reaction (10), where the »’s come from pion beams.
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Fig. 14. — Comparigon between the cross-section of v photoproduction and 7 production
by pions (35). The abscissa is linear in the % c¢.m. momentum P} (upper scale). In the
lower scales the energy (K) of the incident photon and the kinetic energy (Iy) of the
incident pion in the laboratory system, are reported. The photoproduction data are
to be referred to the left ordinate scale and the m production data to the right ordinate
scale. The photoproduction data are an average of the present results and the results
of ref. (13). To get the cross-section for v production from our results and from the results
on v production by pions, the measured cross-section referring to the decay mode
n—vy was divided by the branching ratio (n—>yy)/{n—all modes) =0.38 (1¢). To give
better statistical significance to the comparison we report o/4m instead of do/dQ2* for
the data on reaction m—--p—vn-+n: do/dQ* at our angles has the same behaviour
as o/4n, with much larger errors. e 7w +p-—>wn-tn, o y+p->n+Dp.

This can be seen in Fig. 14, where we report both photopfoduction Cross-
section and the cross-section of reaction (10).
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The fast decrease of the photoproduction cross section (Fig. 11) supports
the resonance hypothesis with even more immediate evidence than in reac-
tion (10), considering also that, as we said, we already know (12) that the 7 pho-
toproduction near threshold is rising at least as fast as the v production by
pions, and also has an isotropic angular distribution.

It is not possible to make in photoproduction an analysis of the type that
HENDRY and MOORHOURE (*) made using the pion channel, for lack of equiv-
alent information in pion photoproduction. If we try to judge the width of this
resonance from the behaviour of the cross-section in Fig. 11, we find that the
possible width of the §,, resonanceis around 150 MeV: a value in agreement
with the estimation of HENDRY and MOORHOUSE (2).

4’4, — Let’s go now to consider the values of (o‘[a/d.Q*)Yﬂ at energies higher
than 940 MeV. We have at disposal the points up to 1030 MeV, obtained in
this experiment and in the previous work of our group (2%). As we said, the
cross-section for v photoproduction decreases by a factor ~5--10 with respect
.to the value at 830 MeV (Fig. 11), and the values of R increase (Fig. 13).

Tt is difficult to assume that this «residual » eross-section is a tail of the S, ,

resonance, also considering that in reaction (10) the v cross-section is not
isotropic at the highest energies, that is beyond ~ 800 MeV for the pion kinetic
energy. : ;
Again, the world information in photo- and pion-production of the % is not
enough to try any wave analysis: but this is the region of the well-known third
resonance (1688 MeV, F, .; indicated in the following by N***) and one can
compare, as before for the second resonance, the values of (do/d£2*)., and
(do/dQ"),, to see if the production around 1000 MeV of the incident photon
could be due to the third resonance.

Following DASHEN (?!) again, when assuming that the cross-sections are
completely dominated by the third resonance, one finds

14 (Ao/dQ¥)yy _ G0N+ fig,)
- (A0/AD% ) G (N N*4%) F(gr)

where G(nNN***) and G(rNN***) are the coupling constants of the v and
the w respectively, with N and N***; f(q) is a kinematical factor which includes
the effects of phase space and angular momentum barrier. One can reasonably

estimate f(¢,)/f(¢,) ~%. The ratio of the coupling constants is unknown: if N***

(#*) C. Bacci, G. PENso, G. SALVINI, A. WATTENBERG, C. MENCUCOINI, R. QUERZOLI
and V. SILVESTRINI: Proceedings of the Conference on Photon Interactions in the GeV-
Energy Range, (Cambridge, Mass., Jan. 1963), p. 1v, 6.
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belongs to an octet representation of SU, we have (*%2%)

1 (3 — do) GrN N

(15) G N NHHH) ~
V'3

where o« is the ratio of D to F-type couplings.
Relation (14), when the value 3 for f(g,)/f(g,) is taken, and the ratio of the
- cross-sections is taken from Fig. 13, at K = 980 MeV, becomes

~ G2 N N*E) (Ao |dR2%)y
(16) iy e <8 (———«da/dg*)éo ~ 0.15 .

The equality holds in the hypothesis that all the 7) cross-section at
{950--1000) MeV is due to the N*** resonance.

The ratio (16) corresponds, according to (15), to a value of «~ 0.58, to
be compared with the value o = 0.66 which is generally accepted (*°), ac-
cording to SU,. This cannot be considered a significant agreement; in fact
we are in a critical region: the ratio |

G2 (7] NP Jyese)
G (e N )

beeomes 0.037 instead of 0.15 for o —

In conclusion, there is enough 7 productlon around 1000 MeV to leave
just the possible foreseen space to the third resonance. On the other side the
energy distributions of reactions (1) and (10) as well as the depencence of B
on energy (see for instance E_ (total) in Fig. 13) do not indicate any bump
or maximum of the cross-section in the region of the third resonance.

5. — Coneclusions.

Our results on the photoproduction cross-section of the v in the process
4P —>7-+p, which are summarized in Fig. 11 and in Tables II, III allow the
following conclusions:

— The v is produced with high abundance at the lowest energies ((830+-900) MeV
of the incident v), and its cross-section has a fast descent in the (900—-1000)
MeV interval. :

— The absolute value of the cross-section for photoproduction, and even more
clearly the comparison with the photoproduction of the pions, excludes
that around 800 MeV the 7 can be produced through the v-N° decay of
the second =w- N resonance.
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The energy dependence of the cross-section from 800 to 1000 MeV of the
incident v, gives instead good support to the hypothesis, already presented
on the basis of the results on reactions w—+N —n-+JN°, that the » is pro-
duced near threshold in a 8, m-nucleon resonance, with B, ~1520 MeV,
and '~ 150 MeV. '

We find a remarkable consistency between the input:channels ==--p and
v--p at the energies considered here, when the T = 3 state is extracted
from both channels. In fact the ratios K., and B (Flg 13) have” the same
energy dependence, and their absolute values are about equal at each
energy. The results agree with the assumption that the reactions (5b)
and (bc) are dominated by a T -—% igsotopic-spin state.

The photoproduction at (950--1050) MeV could be due (or not) to the third
resonance: in fact the value of the cross-section at those energies does not
disagree with possible SU, previsions. It is clear anyway that the majority
of the n production which is below 900 MeV of the incident photon energy
does not follow the known - N resonances.

R.IASSU--NTQ

Abbiamo misurato, sull'Elettrosincrotrone di Frascati da 1. 17 GeV, la sezione d’urto

per fotoproduzione di % per energie K del fotone incidente comprese fra ~ 800 e
~ 1000 MeV. La sezione d’urto differenziale per questo processo, ad un angolo dell'n

nel

c.m. di ~ 110°, risulta pressoché costante per 830 MeV < K <900 MeV, per crol-

lare di un fattore 5=10 a K = 950 MeV. Questi risultati vengono- .discussi attraverso

un

confronto con i dati sulla produzione div da pioni, e con i dati sulla diffusione pione-

nucledne ¢ sulla fotoproduzione di pioni. Lé conclusioni sono in' aecordo con l'ipotesi
che il sistema »-)\° sia- dominato a basse energle da una rlsonanza con, monpnto angolare
orbitale = 0 (risonanza S;r%)
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