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Summary, — The final results of an experimental investigation of the
reaction y+-n—p-4-w- performed with a deuterium bubble chamber at
the 1GeV Fraseati electrosynchrotron are presented. Total and dif-
ferential cross-sections on neutrons are extracted by means of the spectator
model, the reliability of which has been checked by numerous tests and
is extensively discussed. The problems of a possible isotensor component
in the electromagnetic current, the time-reversal invariance of the electro-
magnetic interactions and the photoproduction of the Roper resonance
are considered in detail.

(1) Deceased (through a sudden death on the 6-th of August 1972).
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1. — Introduction.

The amount of experimental data on single photoproduction processes is at
present sufficiently large for =+ and =° photoproduction on protons and the
phenomenological analysis of these reactions is rather satisfactory in the low-
energy range. On the contrary the experimental data for =~ photoproduction
on nentrons are, in this respect, still insufficient and, moreover, the use of the
deuteron as a target makes some authors doubt the interpretation of the few
results available.

In the present paper we report the results of an experimental investigation
of the reaction

(1) Y+n—>p+w

up to 1 GeV, performed at the Frascati electronsynchrotron with a denterium
bubble chamber.

In the preliminary results (') we observed some remarkable differences be-
tween the proton and neutron total cross-sections in the so-called second-
resonance region ((600--800) MeV), suggesting the presence of difference
resonant contributions in the two channels. The different position of the
bump in the total cross-sections and the results of a simplified phenomeno-
logical fit of the angular distributions indicated the presence of a Py;(1470)
contribution larger than that of the D,,(1520), which dominates the =+
photoproduction process in the same energy region,

This fact, if confirmed, has some nontrivial consequences on the problem
of the classification of resonances in the SU; scheme.

Moreover the comparison of w+ and =~ total cross-sections in the first-
resonance region may indicate the presence of an isotensor part in the elec-
tromagnetic current. Finally, the comparison between the results of reaction (1)
and of the inverse one (7~ radiative capture) may give some direct information
about the time-reversal properties of the electromagnetic interactions.

Clearly a detailed investigation of the reaction (1) is important not only
in view of phenomenological description of the photoproduction processes bub
also for the more general questions which are involved. The present paper is

 E. Lopi-Rizzini, G. C. MANTOVANI, A. Prazzorr, L. FIoRE, G. GIALANELLA,
V. Rossi, A. Piazza, G. SusiNNo, F. CARBONaRA, M. NaroLITANO and R. RINZIVILLO:
Lett. Nuovo Cimento, 3, 697 (1970); F. CARBONARA, L. FI1ORE, G. GIALANELLA, M. Na-
POLITANO, R. RiNnziviiro, A, PIAzzmjﬂ. Lopi-RizziNi, G. C. MANTOVANI,
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divided into six Sections. In Sect. 2 the experimental procedure is briefly
described. In Sect. 3 the problem of the nse of the deuteron as a target is con-
sidered in detail. In Sect. 4 the total and differential cross-sections are
presented. 1In Sect. 5 some considerations on the results concerning the
posgible T-violation and isotensor current contribution, a phenomenological
fit to the differential cross-sections and the P,,(1470) photoproduction are re-
ported. Conclusions are given in Sect. 6

2. - Experimental apparatus and procedure.

We have analysed 500000 pictures obtained by exposing the CERN
30 HBC (suitably modified in order to run with deuterium) to the hardened
1 GeV bremsstrahlung beam at the Frascati electronsynchrotron.

The experimental lay-out is the same ag in a foregoing experiment (2).

The photon flux and the photon spectrum were determined by counting
and measuring & sample of ete™ pairs in the fiducial volume of the chamber.
In Fig. 1 the measured spectrum is shown.
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Fig. 1. - Incident-photon spectrum in the laboratory system, as obtained by ete-
meagurements.

The actnal measured reaction is yY+d—p,+p-+n~, where p, is the Spec-
tator proton, which is assumed to be the one with the lower momentum. The
events were fitted kinematically with three constraints. When the spectator

(?) G. GIALANELLA, A. Piazza, G. SusinNo, L. Fiore and G. C. MANTOVANI: Nuovo
Cimento, 63 A, 892 (1969).



62 V. ROSSI, A. PIAZZA, G. SUSINNO, F. CARBONARA, G. GIALANELLA, ETC.
proton was not visible (p, <80 MeV/c), the nsual assumption was made:
Pp =P, =p, =0 and Ap,= Ap, =30 MeV/c, Ap, = 41 MeV]/c,

and a 3-C fit was again possible. In Table I the number of events for each
of the observed reactions is reported (*).

TasBLE 1.

Reaction Number of events
Y+d->p,+Pp+w- 17384
v+d—>p,4-p+m—4n 1379

v+ d—>pntntt - 2198
v+d-on,4p-frt+m 2015

v+d—->d frt4m- 239

3. — The use of the deuteron as a neutron target.

3'1. Impulse approzimation and spectator model. — As is always necessary,
when studying a reaction on neutrons, we nsed the deuteron as a target in our
investigation of the reaction (1).

The most general way to get the cross-sections on free nucleons using deu-
terium data is provided by the Chew-Low (®) method, which consists of ex-
trapolating the differential cross-section 926/dE*?dp, to the neutron pole, o
being the cross-section on deuterons, E™ the total squared energy of the = p
final state and p, the momentum of the slower proton. However, since the shape
of the extrapolation curve is not known, one mnst have very high statistics
for the lowest values of p, in order to make a linear extrapolation meaningful.
Moreover, the results obtained may be affected by the uncertainty in the de-
termination of the unseen spectator momentum (p, <80 MeV/c). Unfortunately,
this is just the momentum region which is imporfant for the extrapolation,
o this method is not very powerful in a bubble chamber experiment with less
than a 4-counstraint kinematical fit.

Assuming the impulse approximation (%) (L.A.) to hold for a suitably selected
sample of events, we have been able to determine the photoproduction cross-

(*) For the criteria adopted for the event assignment to the various reactions see
ref. (1).

(3 G. F. Cmew and F. E. Low: Phys. Rev., 113, 1640 (1959).

(8 G. F. CHEW and G. C. Wick: Phys. Rev., 85, 636 (1952); G. F. Caew and M. L.
GOLDBERGER: Phys. Rev., 87, 778 (1952).
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sections on free mneutrons by applying the nucleon spectator model in the
kinematical calculations, i.e. i) we considered the diagram of Fig. 2 as dominant,
ii) we assumed the cross-section on the off-mass-shell nucleon to be the Same as
on a free nucleon, iii) we assumed the total crogs-section to depend only on
the final-state (n7p) c.m. energy.

Fig. 2. — Diagram assumed to describe the reaction (1), according to the spectator
model.

The limits of validity of the I.A. in the case of the deuteron have been
discussed for a long time and all data on neumtrons are evidently influenced
by them.

Beyond these intrinsic limits, some corrections should in any case be in-
troduced into the experimental data for

1) the so-called Glauber effects (%), i.e. shadow and multiple scattering
effects;

ii) the Coulomb interaction in the final state (%);
iii) the Pauli principle, which reduces the available phase space;
iv) other final-state interactions of the outcoming particles.

All these effects, which are expected to decrease with the energy, cannot
be exactly calculated. An overall evaluation of these corrections may be achieved
by the comparison of experimental results referring to the same reaction on
free and bound protons. However, the evaluations so obtained are strongly
dependent on the kinematics so that it is not eagy to apply them to other
reactions.

However the shadow and Coulomb effects are expected t0 be negligible
(less than 19,) in our reaction at least for B, >200 MeV.

() R. J. GLAUBER: Phys. Rev., 100, 242 (1955); F. Franco and R. J. GLAUBER:
Phys. Rev., 142, 1195 (1966).
(®) A. BALDIN: Nwuove Oimento, 8, 569 (1958).



64 V. ROSSI, A. PIAZZA, G. SUSINNO, F. CARBONARA, G. GIALANELLA, ETC.

The correction for the Pauli principle may be calculated only in a model-
dependent way. For example, analysing the same reaction, the ABHHM
collaboration (?) used the method of ref. (®) which is able to take into account
the Pauli principle if the spin-flip and spin-nonflip amplitudes on neutrons
are known. The difference found with respect to the spectator model was of
the order of ~ 69, at most.

As far as the final-state interaction is concerned, one can congider, for ex-
ample, the w° photoproduction on protons in hydrogen and deuterium (°). In
that case the observed differences were explained by means of a rescattering
process (19).

In ref. (**) the authors give an evaluation of this effect also for the charged-
pion photoproduction. The resulting corrections are of the same order as for
the above-mentioned Pauli correction, but, below 300 MeV, they go in the
opposite sense.

Because of the general uncertainty, we prefer not to consider these correc-
tions in the following.

We will now describe the criteria adopted for the selection of the events
and the method used to get the cross-sections on neutrons.

In order to select the sample of events satisfying the spectator model, we
made use of a Monte Carlo caleulation, which simulates events of reaction (1)
in the following way. A photon, extracted from the experimental spectrum,
induces the two-step reaction

Y-+D —p,+Q
L p__i_—;-c—'

according to the spectator model. The spectator momentum p, is extracted
according to the Gartenhaus deuteron wave function and its angular distribution
is assumed to be

dN,
dQ

ol + f;cosl,,

(") P. Bewz, O. Brauwn, H. BurenscHON, H. FiNngeEr, D. Garr, U. IDSCHOK,
C. KiesLinG, G. Kn1es, H. Kowarski, K. MULLER, B. NELLEN, R. SHirreg, P. ScHLAMP,
H. J. ScuNackEers, V. Scuurz, P. SopiNe, H. Seirzer, J. Stiewe, F. StoriM and
J. WEIeL: report submitted to the Iniernational Symposium on Electron and Photon
Interactions at High Ewmergies (Ithaca, N.Y., 1971).

(®) G. F. Cagw and H. W. Lewis: Phys. Rev., 84, 779 (1951).

) C. Baccr, R. Baroini-Cerro, B. Esposito, C. MENCUCCINI, A. REALE, G. Scracca,
M. SeinerTi and A. Zarro: Frascati Report LNF-72/5 (1972).

() R. Barpini-Cerio and G. Scracca: Frascati Report LNF-71/92 (1971).
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with f,, 6, the spectator velocity and angle in the laboratory system, in order
to take into account the Fermi motion in the flux factor (*).

The decay Q-—>p-+n~ is calculated according to the phase-space distribu-
tion and, if the resulting proton momentum in the L.s. is lower than that of the
spectator, the two protons are interchanged so as to reproduce the choice made
for the real events. Moreover, each simulated event is weighted, according to
its value of B*2 (total c.m. squared energy of the prw~ system), with the measured
value of the cross-section o, (E*2).

In this way one obtains the distributions of the various quantities of interest,
already corrected for all kinematical effects, to be compared with the ex-
perimental ones, in particular:

i) the spectator momentum distribution for various E, (Ls.) intervals,
ii) the angular distributions of the spectator in the l.s.,
ifi) the angular distributions of the spectator in the (yD) c.m.s.

Moreover the Monte Carlo calculation provides suitable correction coef-
ficients for the experimental data due to

i) the wrong choice of the spectator proton,

ii) the loss of the events (one-prong events) in which both protons have
a momentum lower than 80 MeV/e,

iii) the cuts introduced in order to select the sample of events satisfying
the spectator model (see below).

Finally, if one does not weight the simulated events with the experimental
cross-section, one also obtains N (E**)dE**, i.e. the photon spectrum as a
function of E*2, This spectrum, which will be used to determine the cross-
sections, includes the effects of the kinematical inaccessibility (11).

In Fig. 3 and 4 the experimental momentum and angular distributions of
the spectator proton for different photon energy intervals (in the 1.s.) are shown.
The curves are from the Monte Carlo calculation. We want to stress that the
different percenfages of higher momenta in the various energy intervals are
due essentially to a kinematical effect, so that a cut on the spectator momentum
does not select in the same way at all energies. For the same reason the spec-

(*) Notice that the cross-section formula oo (n,,/n,,) (1/(v/c)) contains the ratio
between » (the beam relative velocity with respect to the target nuecleon, as measured
in the Ls.) and ¢ (the beam velocity in the l.s.). If 0 is the direction angle of the target

nucleon and f§ its velocity, one has v/e = V1 +p*—28 cos 0 ~1—pf cos §, and, referring
to the gpectator nucleon, one sees that each event has to be weighted with a factor
148, cos 6,.

(*Y) D. H. Wurre, R. M. ScEECTMAN and B. M. CHASAN: Phys. Rev., 120, 614 (1960).
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tator momentum distribution is not a good index, at least at low energies, for
the validity of the spectator model.

A more selective criterion is provided by the angular distribution of the
spectator in the overall (yD) c.m.s. These distributions are shown in Fig. 5,
for various E, intervals.

Since this distribution is expected to be somewhat broadened in a three-
body interaction, it seems reasonable to introduce a cut in this angle, which
also has the advantage of being slightly correlated to the spectator momentum,
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Fig. 3. — Momentum distributions of the spectator proton for various intervals of the
photon energy (in the Ls.). The curves show the prediction of the spectator madel,
including the kinematical effects: a) E, = (150--300) MeV, b) E., = (300--400) MeV,
¢) By = (400--550) MeV, d) E, = (550+750) MeV, e) B, = (750 -1000) MeV.
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Using the spectator model, we have caleunlated the cos ! distribution.
From this prediction we can choose a 6, cut that excludes 59, of the dis-

tribution.

3944h_ 2736}:I
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0 0 o) ; I
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Fig. 5. — Angular distribution of the spectator proton in the yD c¢.m.s. The curves
a) E.,= (150--300) MeV, b) H,=

show the predictions of the spectator model:

= (300 --400) MeV,
+1000) MeV.

¢) H,=(400+550) MeV, d) B, = (550-750) MeV, e) H,= (750

In Fig. 6 and 7 the momentum and angular distributions of the spectator
proton are shown, for values of cos 7 higher and lower than the cut value.
The effect of the cut is evident and the agreement between experiment and
predictions is now very satisfactory. An interesting feature of this cut is that

also events with low gpectator momentum can be excluded.
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In addition we also introduce the cut on the spectator momentum (p,<<
<250 MeV/c), since, above this value, the target nucleon is so far off the mass
shell that its interpretation as a free nucleon is scarcely meaningful.

In Table IT the percentages of the events which survived the above-men-
tioned selection criteria and the correction coefficients are given.

Tasre II.

B, Number Number Number Fraction Correction

(MeV) of un- of selected of selected of rejected coefficients
selected events by events by events for the
events 6* cut further p, cut two cuts

150+ 300 7.997 7.290 7.275 0.09 1.06

300+ 400 4.205 3.920 3.866 0.08 1.04

400+ 550 2.499 2.279 2.186 0.13 1.07

550 = 750 1.540 1.352 1.304 0.15 1.07

750 1000 564 441 429 0.19 1.08

3'2. Transformation to the newtron rest system. — Since the v-n interaction
oceurs on a target in motion, one has to determine the effective photon energy
from the measured quantities.

The first possibility is to do a Lorentz transformation from the 1.s. to the
neutron rest system, assuming that the neutron momentum before interaction
is opposite to the measured spectator momentum (**). In this way, how-
ever, the mass of the target neutron does not correspond to that of a phys-
ical particle.

As an alternative approach (%), but again using the spectator model, we
have parametrized our results in terms of E*2, the squared c.m. energy of the
produced (pm~) system. We assumed the effective photon energy E'Y to be
that one necessary to get on a free neutron a total ¢.m. energy E* (E"Y: (B*2 —
— M [2.M ).

In this way the comparison between the cross-sections on neutrons and
protons becomes meaningful.

(**} H.G. HiLegrT, P. LAUSCHER, M. MaTzI0LIS, H. SCHNACKERS, H. ‘WEBER, A. MEYER,
A. Pose, K. BockMaNN, U. Ipscuok, K. MtrLLER, E. PaUL, E. Prorace, H. BUTEN-
scHON, H. KtiBECK, D. LikE, H. SEEBEE, H. SPITZER, F. SToRM, S. BRANDT, O. BRAUN,
P. STEFFEN, J. S11EWE, P. ScELAMP, J. WEIGL and K. WILKINSON: Nucl. Phys., 8 B,
535 (1968); H. BurENSCHON: Desy Report RS-70/1 (1970).
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We want to stress that the first approach (Lorentz transformation) gives
systematically higher values for the energy than the second one (Fig. 8)., This
fact produces a misleading shift of the cross-section toward higher energies.

4000 1000
3000+
500
2000
o)
0 L —‘_'_Y_‘——-\-—-—c___._i_,
500 -
1000
2
o
z a)
% 0 1 SR S 250
[§]
© 00
1500 |-
0 L h i _r— ,_J
200
1000 +
100
500 -
b) 9) kL_b‘l_rﬁ__
I | tvtmns i S | L ) o
0 20 40 60 80 100 0 20 40 60 80 100

E‘;'—E\;(Mev)

Fig. 8. — Differences between the effective photon.energies, as obtained by the Lorentz
transformation F., and the final-state (m—p) total energy E., (see text), for various B,
(in the ls.) intervals: a) H,=(150-300) MeV, b) K., = (300-400) MeV, ¢) E, =
=(400 -550) MeV, d) H,=(5560--750) MeV, ¢) E, = (750--1000) MeV.

4. — Total and differential cross-sections.

4’1, Total cross-section y—+D —p-+p-+n—. — In Fig. 9 we show the total
cross-section for the reaction yD —ppn™ versus E, (Ls.) in order to present
the unprocessed experimental results, apart from the obvious corrections of
geometrical and instrumental type (scanning efficiency, 4® cut, geometrical
losses, ete.). The latest values obtained by the ABBHHM collaboration (2)
are reported for comparison.

() K. MULLER: Bonn University, PIB 3-20 (1971).
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Fig. 9. — Total cross-sections for the reaction Yy+D->p+p+n-: o this experiment,
o ref. (13),

4°2. Total cross-section y+n—>p-+n~. — For the reasons stated in Sub-
sect. 31, we assume only those events to be acceptable which verify the two
conditions

cos 6 < cos 6, and P:<250 MeV/e.

The number of events in each E*? interval is then corrected by means of
the Monte Carlo calculation. The corrections due to the Pauli principle, shadow
and rescattering effects are not introduced for the reasons stated in Subsect. 3°1.

The different energy resolutions for the events and for the photon spectrum
measurement are also taken into account.

The resulting total cross-section as a function of E** (or E'\) is shown in
Fig. 10 and reported in Table III. The superimposed. curves are the cross-
sections yp —p=°® and yp —nrwt as obtained from ref. (*). The quoted errors
are purely statistical.

(**) J.T. Beaug, 8. D. ECKLUND and R. L. WaLkgr: Report CTSL-42, CALT-68-108.
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TasLe III. — do/dQ* (ub/sr).

E*2

o 0% (degrees)
(GeV)*  (ub) 0= 0= 20 30—  40- 50 60 - 70 -
=10 =20 =30 =40 =50 =60 =70 =80
122- 1322+ — 7.8 2.8 5.5 67+ 80+ 104+ 9.4+
126 438 410 4£1.0 411 410
1.26- 1413+ — 3.5 2.6 264 57+ 7.8+ 94+ 105+
2130 4.2 +0.8 09  £1.0  4£1.0 410
130  182.8+ — 6.5 3.1 5.6 59+ 9.0+ 108+  14.64
134 451 412 410 412 412 1.4
134- 2010+ — 14 3.5 38+ 1011 100~ 152+ 1434
L1.38 457 +1.0 414  +13 415 415
1.38= 2266+ — 43 2.7 431 57+ 941 146+ 189+
2142 465 411 412 414 416 +1.8
142+ 25090+ — 2.0 3.1 57+ 1041  148L 205+ 222
~146 473 414 17 418 421 421
146 235141 — 2.2 3.4 6.1+L 1231 134+ 2081 161+t
150 7.3 +15  +£19 418 422 419
150 2149+ — 8.4 3.0 77+ 1181  13.904 200+ 206+
L1564 474 +1.7 420 420 423 422
154- 18854  — 3.0 79+ 89+ 1331 133+ 141+ 17.0%
162 452 +1.7  +£14 216 415 414 415
162- 14121  — 16.9 6.8+ 91+ 147+ 121+ ILlt 131+
=170 4438 +1.6  +£1.5 418 415 413 414
170+ 1113+ — 107 83+ 621 97+ 1004 107+  13.9+
=178 446 £1.9 413 415 414 414 +L5
178> 1027+  — 0 89+ 1431  86+% 91+ 1131 94+
186 448 21 422 1.6 415 +1.6 1.4
1.86=  96.64 — 6.1 79+ 97+ 101+ 93+ 8.6+ 102+
=194 449 420 419 418 416 415  +15
1.94= 1027+  — 3.3 165+  7.90 7.5+ 84+ 109+ 7.9+
=202 453 +31 419 416 +1.6  +17  +l1.4
202 1004+  — 9.7 65+ 851+ 121+ 1064 73+ 1014+
210 456 +21 421 422 419 415 417
210+~ 8731 3.2 73+ 881 93+ 104+ 73+  9.1L
~2.18 456 1+23 422 420 420  4£1.6 1.7
218+ 1414 — 7.4 100+ 7.5 7.1+ 83+ 67+ 854
£92.26 454 £29 422 419 419  +16  L18
X R - — 1.7 63+ 941 49+ 424 60L 6.0+
234 450 424 125 416  +14  +1.6  +1.6
234 5484 2.2 47+ 47+ 484 41+ 60+ 454+
~2.54 437 +1.6  +14 412 411 412 410
254+ 319+  — 7.7 201+ 47+  44L 44+ 46+ 284+
=274 445 +1.5 419  +17 415 410  +1.1
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- 80 90— 100+ 110 = 120+ 130+ 140 - 150 =+ 160 = 170~
=90 100 +110 +120 +130 140 =150 =160 +170 =180
11.3 4 11.54- 10.6 + 13.0+ 14.24 12.7 4 10.8 & 14.0 + 12,5+ 12.0 L
+1.0 +1.0 +1.0 +1.2 +1.3 +1.3 +1.3 -+1.8 +2.1 +3.6
13.7+ 12.24 12.8 4 15.44 13.9+ 14.4 4 12.9+ 14.8 + 13.94- 13.3 4
+1.2 +1.1 +1.2 +1.3 +1.3 +1.5 +1.5 +1.9 +2.4 +4.0

154+ 16.9 4 15.54- 19.44- 19.2 19.4 21.3+ 18.8 + 20.9 4 21.6 4
+14 +1.5 +1.4 +1.6 +1.7 +1.9 +2.2 +2.4 +3.2 +5.6

20.24 20.6 1+ 19.6 4 20.6 + 16.9+ 22.6 + 19.8 + 16.04- 17.8 + 3.3+
+1.7 +1.7 +1.7 +1.8 +1.7 +2.1 +2.2 -2.3 +3.1 +2.3

19.44- 234+ 24.0 4+ 21.54+ 23.6+ 25.9 4 23.1+ 25.0 4 22,14+ 17.34+
+1.8 +2.0 +2.0 +2.0 4+2.2 +2.5 +2.6 +3.1 +3.8 +5.8

27.0 4+ 24.2 4 23.94 23.04 19.44 24.7 4- 26.1 4 22.0 - 24.2 4 17.44
+2.3 +2.1 +2.2 +2.2 +2.1 +2.6 +2.9 +3.2 +4.2 +6.1

22.7+ 22.7-+ 22.8 4 25.24 21.8+ 25.2 4 19.6 4+ 18.7 4 24.0 - 9.5+

+2.2 +2.2 +2.2 +2.4 +2.3 +2.7 +2.7 +3.0 +-4.4 +4.8
17.74- 16.8 - 18.7+ 17.74 19.3 + 21.44 21.4+ 20.3 4- 16.1 4 18.6
+2.0 +2.0 +2.1 2.1 +2.3 +2.9 +2.9 +3.3 +3.8 +7.0

16.1 4 19.94 16.5 + 14.8+ 17.7 4 16.4 4+ 164+ 16.04- 17.8 4+ 10.7 L&
+1.5 +1.6 +1.5 +1.5 +1.7 +1.9 +1.9 +=2.2 +2.3 +4.0

13.0+ 11.34 13.54 11.6 + 9.24 9.84 9.8 4 10.5 4 7.5 11.94
+1.4 +1.3 +1.4 +1.4 +1.3 +1.6 +1.6 +1.9 +2.1 +4.5

10.44- 11.14- 7.44 7.04 7.8+ 7.94 7.94 6.7+ 5.8+ 9.6 +
+1.3 +1.4 +1.1 +1.0 +1.3 +1.5 +1.5 +1.6 +1.9 +4.3

8.7+ 7.7+ 6.7+ 7.14 8.44 8.0+ 7.0+ 5.2 3.14 6.9+
+1.3 +1.2 +1.2 +1.3 +1.2 +1.5 +1.6 -£1.6 +1.6 +4.0

8.64 7.2+ 7.94 544 6.34 574 6.2 4 4.2+ 6.94 5.1+
+1.4 +1.3 +1.3 +1.2 +1.3 +1.3 +1.6 +1.5 +2.4 +3.6

9.4 8.9+ 7.3+ 5.9+ 9.0+ 6.8+ 6.6+ 6.0+ 3.94 8.7+

+1.6 +1.5 +1.4 +1.3 £1.7 11.6 +1.7 1.9 +2.0 £5.0
7.8+ 6.9+ T4+ 5.4 731 8.9 7.0+ 5.4 6.6+ 6.6
+1.5 +1.4 +1.5 +1.3 £1.6 +1.9 +1.9 +1.9 +2.7 +4.6
7.0 6.6-L 6.5+ 4.2+ 5.8+ 9.3 5.5 4.5+ 2.4 3.6+
+1.4 L1.4 +1.5 +1.2 1.5 £2.0 +1.7 1.8 +1.8 13.6

© 434 6.1-L 1.5+ 4.3+ 7.4 5.6+ 5.0+ 3.4+ 2.8+ 4.1+
Cfl12 +1.5 +0.7 +1.3 118 +1.7 +1.8 117 +2.0 +4.1

1.9+ 4.6+ 4.8 5.1+ 2.4 2.21 4.0+ 7.3+ 1.5+ 44+

+0.9 +1.3 114 41.2 £1.0 £1.1 +1.6 +2.6 +1.5 4.4
2.7+ 3.6 2.8L 1.5+ 5.3 4.2 7.4 64+ 1054+ 5.24
+0.8 +0.9 +0.8 40.6 £1.2 +1.2 +1.7 +1.9 +3.0 £3.7

0.9 0.9+ 2.3+ 3.5+ 2.7+ 4.4+ 3.1+ 2.1+ 1.7+ 0
+0.6 £0.6 +1.0 41.3 +1.2 417 11.6 £1.5 +1.7
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Fig. 10. — Total cross-section for the reaction y-+n->p-+n-. The superimposed. curves
are the eross-sections for yp —»pn® (dashed line) and yp—ant (full line).
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Fig. 11. — Plots of the ratios B = 6(Pg 250)[0(Dyp) vs. E*2, where (P, is the cross-
section value, obtained by the events with a<p,<b: a) 0< P,<50 MeV/e, b) 50 <
<p;<100 MeV/e, ¢) 100 < p, <150 MeV/e, -d) 150 < p,< 250 MeV/e.
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We have also checked that the cross-section does not depend very much on
the kinematical conditions of the spectator proton. Figure 11 shows the ratios
between the total cross-sections for different intervals of the spectator mo-
mentum. The fact that this plot is essentially flat assures us that the assump-
tions we have made are correct.

As already pointed out, the events with p, <50 MeV/c give systematically
higher values for the cross-sections because the measured spectator momenta
are set to zero prior to the kinematical fit and the dispersing effect of the fit
itgelf is mot accurate enough.

4'3. Total cross-section yn—pmn~ without event selection. ~ We want now to
determine the total cross-section with the assumption that all the events of
the type yD —ppn~ found can be considered as yn events occurring in I.A.
This allows us to obtain maximal values for the cross-section on neutrons and
to take into account the effect of the Fermi motion without choosing the spec-
tator nucleon.

We want to remark that, apart from the correction factors due to the Panli
principle, this method should correspond to that used in ref. ("), and our results
can be compared with those given there.

In order to obtain the cross-section, with this assumption, we proceeded
in the following way. The yield of events vs. E. in the l.s. is transformed into
the yield vs. E*2, taking into account the Fermi motion by means of a Monte

300
!
8!
il
200F
b
— $
Ko}
O *
t
100+ Prid i
i
i
g : i
0 11 1 1. 1 1 i L1 L
124 164 204 244
£*%Gev))

Fig. 12. ~ A maximal value of the total cross-section with the hypothesis that all
the observed vyD —ppr— events could be considered as yn events (see text).
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Carlo caleulation. This yield combined with the photon spectrum n. (E*2) dE*?,
computed in the same way, gives the required cross-section. This procedure,
however, causes a smearing of the cross-section, because for each E, value there
is a spectrum of E*2 values, and consequently it produces a broadening of the
first resonance and an apparent shift of the second resonance to higher
E*? values.

In order to correct for this effect, we have evaluated the necessary correc-
tion coefficients, by doing the comparison, for a sample of simulated events,
between the directly calculated E*? distribution and that obtained, with the
above procedure, passing through the laboratory energy E. .

TFigure 12 shows the cross-section obtained, which is only slightly larger,
at high E*? values, than that given before. If we remember that the Pauli
corrections, as determined in ref. (*), are of the order of 69, at most, it becomes
evident that some discrepancies between our results and those of ref. (*) do
not depend on the procedure nsed.

4’4, Differential cross-sections. — For the events selected with the eriteria
stated in Subsect. 2'1, the e.m. angular distributions for twenty E** intervals

TasrLE IV.

B C, c, 0, 0,
(GeV)? (wb/sr) {1zb/st) (b /sr) (rb/sr)
1.22-1.26 1144+ 04 —17.9 4+ 0.6 4.6 4-1.1 3.44+0.6
1.26 -1.30 1294 0.3 —23.040.5 6.1-+1.9 5.040.6
1.30=1.34 1594+ 0.4 —32.1 4+ 0.7 14.3 4 1.1 3.04+0.8
1.34+-1.38 19.7 +1.1 —34.7 1.7 6.3 4 2.9 9.0 +2.1
1.38+=1.42 21.5 +0.7 —42.84-1.0 16.0 + 1.7 57+1.3
1.42--1.46 23.8-4+1.0 —43.64+ 1.5 12,7 4+ 2.6 7.6+ 2.0
1.46 —1.50 229411 —42.2 4 1.7 11.3 4+ 2.9 8.3 2.3
1.50=1.54 18.8 4 0.8 —36.141.3 14.8 + 2.2 3.441.8
1.54=-1.62 17.6 4- 0.7 —31.34+1.1 744 1.8 6.9+ 1.5
1.62+1.70 12.6 4- 0.5 —20.740.8 2.8 4 1.4 5.941.2
1.70 =1.78 10.0 4 0.7 —15.241.1 —0.24-1.8 59+1.6
1.78 +1.86 8.4 4 0.4 —13.240.7 1.7+1.3 3.5+1.1
1.86-1.94 8.0 4+ 0.3 -—12.6 0.6 1.1 4+ 1.0 3.840.8
1.94-+-2.02 8.6 4-0.5 —14.2 4-0.8 2.3+ 1.3 3.6 1.1
2.02+2.10 7.840.5 —13.64+0.8 45414 1.641.2
2.10+-2.18 7.14+0.7 —11.6 +1.2 2.24+2.0 2.5+ 1.7
2.18 -2.26 5.5 4 0.7 — 92412 2.7+ 2.0 1.2 + 1.7

2.26-2.34 4.340.7 — 7.6+1.1 2.84-1.9 7.6 4+ 1.7
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were determined. They are reported in Table ITI. The data at small angles,
where the corrections (one-prong event) are higher than 259%, and the statisties
too poor, are given without errors as indicative values.

The experimental distributions were fitted with cos 6* polynomials accord-
ing to the formmula

do

3
0= 275(1 — 8 cos 0*)—2% 0, costf*

where the factor (1 — ff cos 0*)72 is inserted to take explicitly into account
the photoelectric term (*%). For the same reason the cross-section value at the
pole, cos 0% = + 1/6, was taken as a constraint in the fit.

In Table IV and in Fig. 13 the coefficients €, are reported.

"6, {f ¢,
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30 1 1 L ! 1 —~50 L t 1 1 1
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C, C,

O .
1.2 16 20 24 12 16 20 24
£*cev]

Fig. 13. — Behaviour of the coefficients of the Moravesik polynomial fit to the angular
distributions as a function (f E*2.

(**) M. I. Moravesix: Phys. Rev., 104, 1451 (1956).
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Finally we report a further check on the validity of the spectator model.
In Fig. 14 the ratios between the =~ in the backward and in the forward direc-
tions are given for different angles and momenta of the spectator proton. As
one should expeet, for a given E*? interval, this ratio appears to be independent
of the kinematical conditions of the spectator proton, thus confirming the overall
consistency of the selection criferia adopted.
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Fig. 14. — Ratios K between the w— in the backward and in the forward directions
(c.m.s.) as a function of p,: a) cogf,>0, b) cos6,<0. 4) F**=1.14--1.22, B) E**=
=1.22+1.38, 0) B**=1.38--1.46, D) B**=1.46-1.54, F) B*2=154=-1.74, F) B**=
=1.74+-2.10, ) E*2=210-2.74.

5. — Analysis of the results.

In this Section we discuss our data in the light of some very important
theoretical questions which have recently come under examination.



ANALYSIS OF THE REACTION y--1n->p--7~ BIC. 31

5'1. Isotensor component of the electromagnetic current. — The comparison
of the total cross-sections of the pion photoproduction on protons and neutrons,
in the first-resonance region allows us to search for the possible existence of an
isotensor term in the e.m. current.

In the past some anthors (1) emphasized the complete lack of direct experi-
mental proofs for the assumption that in photon induced reactions one should
have AT <1. They suggested performing photoproduction measurements and
pointed out that the comparison between the cross-sections for production
of the A+ and A® states of the P,;(1236) resonance could throw some light on
the question. In effect, if one puts

o(yn —A°) = o(yp — A+)(1 4 a2),

from the usual isotopic decomposition (7) of the single-photoproduction am-
plitude (including the isotensor amplitude A,), # is shown to be zero if 4, = 0.

Indeed, if one wants to determine A, without ambiguities, careful exper-
iments should be done on the four single-photoproduction reactions. At present
thig is premature and one has to make some agsumptions on the reaction mech-
anism,

In particular, SANDA and Smaw (**) assumed the dominance of the P,
resonance on the background, almost constant with energy, and calculated,
for various , the quantity

K
4= 7 [ozlrm = pm7) —oa(yp —n7t)]

by using dispersion relations and the following parametrization of the resonant
multipole:

nME, = pME(1 4 x) .
In Fig. 15 the comparison between the predictions of SANDA and SEAW and

the experimental data is shown. The quantity 4 has been determined by using
our data and the w* cross-section taken from ref. (1¢).

(*) V. G. GrisHiN, V. L. Lyusosairz, V. I. Ocreverskr and M. I. PODGORETSKII:
Sov. Jowrn. Nuel. Phys., 4, 90 (1967); B. GIrrerLman and W. ScEHMIDT: Phys. Rev.,
175, 1998 (1968); N. DomBrY and P. K. KABIR: Phys. Rev. Lett., 17, 730 (1966);
G. SHAW: Nudl. Phys., 3B, 338 (1967); A. DoNNacuIE and G. SHAW: Phys. Leit.,
35 B, 419 (1971); R. C. E. Devexisy, D. H. Lyrz and W. A. RaNkIN: Nuel. Phys.,
36 B, 309 (1972).

(*") F. A. BEreEwDS and D. I.. WEAVER: Phys. Rev. D, 4, 1997 (1971).

(®) A. I. SanDa and G. SHAw: Phys. Rev. Leit., 24, 1310 (1970); Phys. Rev. D, 3,
243 (1971); Phys. Rev. Lett., 26, 1057 (1971).

(**) P. SPILLANTINI and V. VALENTE: Frascati Report LNF.71/28 (1971).
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As one can observe our results are compatible with # = 0.2, and an overall
upward correction of about 209, to our data would be necessary to cancel this
effect. Such an amount certainly cannot be attributed to the deuteron correc-
tions discussed above, which have not been infroduced in our results.

We want to remark that some energy dependence of the corrections them-
selves could somewhat change the experimental A digtribution. This fact could
be important, becanse according to SANDA and SHAW, the « dip» behaviour of
the A distribution is more indicative than the A absolute values.

80

60+ / N

1 L i3 1 L

%% 136 152 168
e*cevy]

Fig. 15. — A=q/K [ox(yn—pr~) —ox(yp — nnt)] as a function of E*2, The curves are
the predictions (18) with = 0.20 (full line) and z= 0 (dashed line).

52. T-invariance of e.m. current. — The comparison between the differential
cross-gsections for =~ photoproduction and its inverse (n~ radiative capture)
in the first-resonance region is quite sensitive to a possible T-violation in the
e.m. interaction of hadrons (2°).

In Fig.16 we report this comparison for three values of E*, using the available
TP - n—+y data (?*), snitably modified by means of the detailed balancing
prineiple. The values for the direct reaction yn -—pn~ were calculated using
the polynomial fit described in the foregoing Section. The shaded band con-
taing two standard deviations about the calculated values.

(*%) N. Cumrist and T. D. Lek: Phys. Rev., 148, 1520 (1966).
(31) P. A. BErarDO, R. P. HaDDOCK, B. M. K. NEFKENS, L. J. VERHEY, M. E. ZELLER,
A. 8. L. Parsons and P. TRUOEL: Phys. Rev. Letl., 26, 201 (1971).
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There seems to be a satisfactory agreement for energies above the first-
resonance region, while at E* = 1.245, our results are noticeably higher than
those of the inverse reaction. It is surely premature to draw definitive con-
clusions on this question, also considering that the inverse reaction requires
further investigation because of the problem of the large (n'n) background.

)

20

a)

do/dR*ub/sr)

20r
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30 60 90 120 150 180
6" (degrees)

Fig. 16. — Comparison between the differential cross-sections for n-p—>ny (points
from ref. (1)) and yn—n—p (shaded band): a) F*=1.245 GeV, b) E*= 1,337 GeV,
¢) B*=1.363 GeV.

5'3. Phenomenological fit of the differential cross-sections. — A% present the
available data are not sufficient to describe completely the photoproduction
processes in terms of a multipole expansion, so that in any phenomenological
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analysis one has to apply specific models in order to obtain the behaviour of
some multipoles.

By using our experimental angular distributions and making some reason-
able assumptions, we carried out a phenomenological fit extending from 0.4
to 0.9 GeV in E;, by means of an isobaric model analogous to that of
WALKER (22),

The photoproduction amplitude is assumed to be given by a linear com-
bination of three contributions:

a) resonant amplitudes (in our energy interval we only considered P,,,
Si1, Py and Dyy),

b) Born terms with electric coumpling only,

¢) nonresonant background terms.

Furthermore, we have adopted the following criteria:

i) The imaginary part of each amplitude is only due to the resonant
contribution which is described by a Breit-Wigner function.

ii) Consequently the nonresonant background terms are added only to
the real part of the amplitude. In this way, the fit is mostly sensitive to the
resonant contributions. Moreover the background terms are assumed to be
constant with energy.

iii) The P,; resonant contribution is fixed to the Walker value (#2). This
implies that one mugt consider an.p =1,Mf+, which seems to be irrelevant,
since, above 400 MeV, only the tail of the resonance itself intervenes.

iv) In the fit two available polarization (*¥) and asymmetry (24) results
are ftaken into account.

The fit results have been already published (1) and are quoted in Table V.

We want to stress that the above fit does not claim to give the exact be-
haviour of the multipoles contributing to the investigated reaction, but only
to extract, in the framework of the isobaric model used, the relative importance
of the resonant contributions. In this sense one hag also to consider the com-
parisons between our results and those of other fits,

The most interesting result of our fit is the very large P,;(1470) contribution
with respect to that of D,;(1520), which is known to dominate the correspon-
ding reaction on protons. This result is also found in the fit of ref. (*), in which
a different parametrization is assumed. Moreover, these authors, starting

(22) R. L. WALKER: Phys. Rev., 182, 1729 (1969).

(?*) M. BENEVENTANO, S. D’ANGELO, F. DE NOTARISTEFANI, P. MoNACELLI, L. PAoLUZI,
F. SEBasTiaNI, M. SEVERI and B. STELLA: Lett. Nuovo Cimento, 3, 840 (1970).

(%) K. Koxpo, T. Nisargawa, T. Svzvki, K. Tagigkawa, H. Yossipa, Y. KiMUra
and M. KoBavasai: Journ. Phys. Soc. Japan, 29, 13 (1970).

(®) A. Proia and F. SEBASTIANI: Lett. Nuovo Cimento, 2, 560 (1971).
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TaBLe V.
Resonant Added Reso- Energy Width A~(Wy)
helicity contribu-  nance W, T, (ub?)
element tions (GeV) (GeV)
A+ Py, 1.236 0.120 1.00
(fixed to Walker value)
Ays —0.2910:5
B,: Py, 1.236 0.120 —2.43
(fixed to Walker value)
B, 10525733
A, Dy, 1.519 0.102 —0.3151
A,- —0.361 05
B,- D, 1.519 0.102 —0.167038
B, 0.80%00
Ay S 1.561 0.1890 —0.227 017
Ao+ 0.4140-%
A P, 1.471 0.200 — 1001508
Ay 0.6550 1

from the data of the present experiment, are able to derive some predictions
for the reaction yn —nn® which agree with a recent experiment (2¢). The P;,
contribution found is also in agreement with the predictions of ref. (¥). In
Table VI the comparison among some recent fits (2>%) is reported.

TaBLe VI.

Resonant heli- Resonance Our results Walker Proia- Sebastiani
city element results, ref. (22) results, ref. (%5)
Age Sy, —0.22 — 0.8 —0.395

A4,- P, —1.00 0 — 0.760

B,- Dy, —0.16 — 115 — 0.258

A, D, —0.31 0 0

5'4. The P,;(1470) resonance in photoproduction. — As already discussed in
ref. (1), the results of the phenomenological fit support the indication of P,,
formation which is given by the behaviour of the total cross-section in the

(*) C. Baccr, R. Bawpini-Cerio, B. Esposito, ¢. MENCUSSINI, A. Reare, G. Scracca,
M. Seixmrrr and A. Zarro: Phys. Leit., 39 B, 559 (1972).
(*) J. Baacks and H. KLEINERT: Leti. Nuovo Cimento, 2, 463 (1971).
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second-resonance region. A backward displacement of the bump, with respect
to the corresponding reaction on protons is evident. Both facts suggest that
P;;(1470) strongly contributes to the photoproduction on neutrons.
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Fig. 17. — Total eross-section of the reaction yn—pr-. The wn+ photoproduction cross
section is also reported (dashed line). ——— results of Fig. 10, m ref. (38), o our calculat

ed results for the =n—/mt+ ratio.

Some comparisons have to be made with other experiments which do not
seem to show the same result. Concerning the ABHHM collaboration ex-
periment performed with the same technique, the extracted yn cross-section
shows a bump at higher energy which is attributed to the D,,-resonance. In

(*®) P. E. SHEFFLER and P. L. WALDEN: Phys. Rev. Leti., 24, 952 (1970).
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our opinion the disecrepancy is mainly dume to the difference in the unpro-
cessed data.

As concerns the results of ref. (28), obtained with counters by measuring the
7~ /mt ratio, we want to remark that the cross-section reported by these authors
is given as a function of £, in the Ls., so that a backward shift of about (20
--30) MeV could be obtained in this energy region, if the E*2 energy parametriza-
tion was chosen. This feeling is supported by the results of a Monte Carlo
calculation in which we determined the =~ /n* ratio on deuterons as a funetion
of B, (Ls.), using our =~ cross-section and the known n+ cross-section. By so0
doing we reproduced the data of ref. (28). The comparison is shown in Fig. 17.

Finally we want to point out that the =~ /x+ ratio (29) passes through unity
just at 600 MeV, so that one could infer that a bump displacement between
the two reactions is present.

These considerations give us sufficient confidence to make a claim for
P;;(1470) photoproduction in the reactions on newtrons.

If it is confirmed that the same does not happen on protons (22), then the
Py, would belong to an 8U, antidecuplet, not provided by the simple quark
model. This assignment can be confirmed by looking for the decay mode
P,, — A+ 7 (3), which would be forbidden in this case.

This analysis is in progress in double pion photoproduction on neutrons
and the preliminary results (*) (in apparent disagreement with some previous
indications (°1)) seem to confirm the above statement.

6. — Conclusions.

From the data of an investigation of the reaction yd — ppn~ we were able
to derive cross-sections for the reaction yn —pn~ by using the spectator model.
The events were selected by means of a cut on the spectator angle in the (vD)
c.m.8. and on the Ls. momentum of the spectator itself.

Numerous checks assured us of the reliability of the model and of the ef-
fectiveness of the selection cuts.

The results can be summarized as follows:

@) If the theoretical model of SANDA and SHAW is reliable, the existence
of an isotensor current cannot be excluded by our experimental results, as it
is by those of the ABHHM collaboration.

(**) G. NEUGEBAUER, W. WaLes and R. L. WALKER: Phys. Rev., 119, 1726 (1960).
(3 H. J. LirxiN: Phys. Leit., 12, 154 (1964).

(®Y) A. DonwacHIE: Proceedings of the XIV International Oonference on High-Energy
Physics (Vienna, 1968), p. 139.
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Our data without Pauli and final-state corrections agree with the value
#=0.2 of the isotensor parameter and the above corrections, as far as we
presently know, cannot cancel the effect.

Indeed, the difference between our data and those of the ABHHM ecolla-
boration appears already in the total deuteron cross-sections, that are unaf-
fected by any deuteron effet. In our opinion, this is the main experimental
fact leading us not completely to exclude an isofensor contribution.

However, we want to point out that the Sanda and Shaw test is model de-
pendent, due to the assumptions made on the background behaviour, so our
data could also not require an isotensor contribution.

b) If the data on the inverse reaction are reliable, the T-invariance would
be violated, both with our data and, even more, with those of the ABHHM
collaboration. However, =~ radiative capture is very difficult to be measured
and the experimental data on this subject are presently not sure enough. So,
we think that T-invariance still remains a completely open problem.

¢) The total cross-section shows an enhancement at E;=580 MeV,
which cannot be easily attributed to the expected D,,(1520)-resonance, but
rather to the P;;(1470)-resonance, as indicated also by a phenomenological
fit to the differential cross-sections.

We wish to thank all those who made this work possible, in particular the
members of our technical staff, Messrs. P. BENVENUTO, A. DErrA CIANA,
D. FaBBrI, M. GESINI, L. MATANI, and of the measuring and scanning staff,
C. Ca1azzo, A. Oasoint, O. CasErra, M. CreriaNo, F. CorTELLESSA, O. DE
Paro, BE. D'Uscio, M. Garra, C. LamMeo, A. MONTAGNA, A. PARMENTOLA,
C. S06ARO and (. TORNATORE.

® RIASSUNTO

8i presentano i risultati finali di un’indagine sperimentale della reazione y-4n-—>p--m-
eseguita con una camera a bolle a deuterio presso 'elettrosincrotrone da 1 GeV di
Frascati. Le sezioni d’urto totali e differenziali sono ricavate usando il modello dello
spettatore la cui validitd & stata sottoposta a numerosi controlli ed & discussa in det-
taglio. Sono considerati in particolare i problemi riguardanti una possibile componente
isotensoriale della corrente elettromagnetica, l'invarianza per inversione rispetto
al tempo delle interazioni elettromagnetiche e la fotoproduzione della risomanza di
Roper.
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Aai3 peakmm vy -+ n —>p + 7 B 00JACTH DEPBOr0 M BTOPOrO PE3OHAHCOB.

Pestome (*). — IlpmBomsaTcs OKOHYATENBHBIE pPE3yNbTATHL JKCHEPHMEHTAILHOIO MCCie-
JAOBaHUA peaknud Y + n— p -+ 7, IPOBEACHHOrO HAa ACHTEpHEBOR My3BIPHKOBOU KaMepe
npz saepruu 1 I'sB Ha smexrpoHHOM cHEXpoTpoHe ®packaTd. BBUECIAIOTCH TONHBIS
7 muddepeHnpanbEble HONEpeYHble CEUeHus Ha HEUTPOHE, UCHOMB3ys MOoIens Habmoma-
TeJsA, HANEKHOCTE KOTOpOoH mompoGHO obcyxnaeTcs W ObLla mpoBepeHa ¢ MOMOMIBIO
YMCICHHBIX pacyeToB. Iloapo6Ho paccMmaTpuBaroTcs MpoOeMBI BO3ZMOXHOM H30TEH30D-
HOM XOMIIOHEHTH B 3JIEKTPOMAarHATHOM TOKE, HHBAPHAHTHOCTD 3JIEKTPOMATHHTHBIX B3aH-
MOJCHCTERH OTHOCHTENFHO obpamienns BpeMeHu W (OTOPOXKICHHE Pe3oHaHca Ponepa.

(*) IHepegedeno pedaxyueil.
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