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Summary. — The polarization of the recoil proton in the photoproduction

process y-+p —>p-+n° has been measured with the beam of the Frascati

electrosynchrotron at an angle of 90° in the c¢.m. system, in the energy

interval (500-=900) MeV. A counter technique has been used, and the

polarization of the proton was revealed by the left to right asymmetry

in the elastic scattering of the protons in a carbon target. The experi-
.~ mental results are given in Table TIT and in Fig. 10. A definite polari-
- zation is found, always of the same sign and equal to — 0.4-4.14,
- 0.634.23, —0.64.25, —0.57 % A2, —0.384.09, — 0.54 .17, — 0.5 +.22
at the y-ray energies of 560, 610, 650, 700, 750, 800, 850 MeV respectively.
o discussion of these experimental results, together with the data of
v dstributions, allows to conclude that they are in agreement
yp thesis that the second resonance is a transition (H,,d¥)
ne is 4 transition (H,, /).

‘ot"ol)foduction of pions in the energy interval (500--1100) MeV
eenmeasmed in the last three years, with several contributes from the
élge’ncijoi}‘—‘synohrotroln of Caltech and Cornell University, and only more re-
ntly from the Trascati groups (*). The discovery of other maxima after

(") Now at Cornell University.

() J. 1. Verre: Phys. Rev., 111, 622 (1958); R. M. Worrock: Phys. Rev., 117,
537 (1960); M. HeimsErG, W. M. McCierraxp, F. Turxor, W. M. WOODWARD,
R. R. WiLson and D. M. Zieoy: Phys. Rev., 110, 1208 (1958); I. W. DE Wire, H. E.
Jaxson and R. TarTAUER: Phys. Rev., 110, 1208 (1958); P. C. Striw and K. C. ROGERS:
Phys. Rev., 110, 1209 (1958); F. P. Dixox and R. L. WALKER: Phys. Rev. Lett., 1,
142 (1958).
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54 __ R. QUERZOLI, G. SALVINI and A. SILVERMAN

the well known resonance at 300 MeV hag stimulated the investigation on the
belhaviour of the differential cross-gsection and of the polarization of the recoil -
nucleon. The polarization is particularly interesting in the case of the neutral
photoproduction y-+p —>p-n’

We report in the present paper an e\perlment to measure the polcmmtlon
of the recoil profton in this reaction. .

Generally speaking the interest in the polarization of the recoil proton
comes from the following arguments, which hold as long as the process may
be described in the general frame of quantum mechanics, with a trangition
matrix which-ig a sum of the contributing multipole transitions, each with a
total angular momentum, a given parity, and a definite isotopic spin value:

¢) There is polarization of the recoil proton only when at least two dif-
ferent states are present.

b)' The polarization may indicate the relative parity of the states: in
particular the pelarization is absent for the protons emitted at 90° in the
center of mass system, if two states are present with the same parity.

From a), b) one deduces that the measurements of the polarization at 90°
in the center of mass may contribute to find out those y-ray energies where
only one state can describe the pion-nucleon system, and may contribute to
: detenmne the 1e1at1ve panty of the interfering states. The interest of ‘the
polanmtlon has been recently underlined by SAKURAY (2) as a method to
establish the parity of the second resonance.

We have meagured the polarization of the protons at 90° c.m. in order
to get an information which ig very useful to establish which multipole transi-
tion can describe the photo- productlon phenomena in the region (500--1000) MeV
of the incident vy-rays.

The polarization of the protons ‘hag been measured until now up to a
maximum of 700 MeV by STEIN (®).

- 9, — Experimental disposition.

The aim of the present experiment is then the measurement of the olari-
zation of the recoil protons from the reaction

y+p—>p4nl:

@) J. J. Saxurar: Phys. Rev. Lett., 1, 258 (1958).
() P. C. SteIN: Phys. Rev. ILelt., 2, 473 (1959).
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THE POLARIZATION OF THE PROTON FROM THE PROCESS Y+ —p--rn’ ETC. 55

To get the polarization we measure the left to right asymmetry in the
‘scattering of protons from carbon at different angles between 14° and 16°.
 The experimental disposition is given in Fig. 1. The covunters 1,2..10
;a,re plastic sointﬂlgtion'counters which detect the proton; the Cerenkov counter

Cerenkov counfer

Y

Y Ray beam

Thickness
(em)

0.5
1.2
1.2
1.2
1.2
1.2

de eots the TCO-mQBOIl through its decay vy-rays. We indicate by C the carbon
‘SCdttelel’ whose thickness was changed according to the proton energy; Cu
jare the copper absorbers which define the range of the ploton energy.
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56 R. QUERZOLI, G. SALVINI and A. SILVERMAN

We were counting at the same time four kinds of coincidences:

(Oer7 17 27 37 47 —5):L113 (061“, 17 27 3? 47 57 __ 6):L13

(Cer, 1, 2, 7, 8, —9) = Ryr; (Cer, 1, 2, 7, 8, 9, —10) = R,

it is therefore possible to measure two different energy intervals of the pro-.
tons, corresponding to two different energy intervals of the v’s.
Discrimination of the protons against the pions is guaranteed by the re-
‘quired coincidence with the Cerenkov counter as well as by pulse height dis-
crimination in counters 2, 3, 7. ’
The block diagram of our electronics is given in Fig. 2.
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Fig. 2. — Block diagram of the electfonics for the left channel.

By F.C. we indicate fast coincidences, with a resolving time of around 5 ns.
The pulses arriving to the discrininators D are on the contrary rather slow
(time arouns 200 ns) so that it is easy to realize a precise height pulse discri-
mination. As shown in Fig. 2, the anticoincidences L.l are obtained as the
differences Dbetween the coincidences (Cer, 1, 2, 3, 4), (Cer, 1, 2, 3, 4, B),
(Cer, 1, 2, 3, 4, 5, 6) in order to reduce dead time effects. As a check we
also register the three coincidences in each telescope.
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~All the meagsurements reported in this paper have been taken on the pro-
f; tons emitted at an angle of 42° degrees in the laboratory system which cor-
- responds to an angle close to 90° in the center of mass system for all our
_energies (see Table T).
" The choice of the dimensions and the distances of the counters and of the
,r‘zmgle of scattering from the carbon is made on the basis of the measured elastic
cross-sections and analyzing power of protons in carbon. In Fig. 3 we report
the cross-section for elastic scattering from carbon for protons of different
energies (the incident beam is unpolarized), according to the work of many
authors (*7). :

( _3%) mb/sr _ o 135 MeV Dickson Saller (4)
400 F o 180 MeV  Tyren Maris (7)
o _ " x 290 MeV  Chamberiain (5)

- \

300 1

/
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x [o)
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T NN\
- | T~

\\\O

O—_ T
T ——§=—8 —— o

! 1 1 1 1 1 1 - [
6 10° 14 18 22 26 30°
' Scarrer/'ng angle of the profon in the laboratry ‘

— Differential cross section for elastic scattering of protons of different Lmetlc
energies on carbon (polarization zero, left=right).

In Fig..4 we report the corresponding analyzing power for the same ener-
S g‘of the protons. We define the analyzing power P, in the usual way,

4-J. M. DicksoN and D: C. SAtrErR: Nuovo Cimento, 6, 235 (1957); R. ALPHONCE,
HANSSON and G TrBELL: Nucl. Phys., 3, 185 (1957).

+0. CramBErRLAIN, E. SEGRE, R. D. Trree, C. WIDGA\ID and T! YPSILANTIS:
':;Ph:t/ . Rev., 102, 1659 (1956).

() B. M. HAFPNER: Phys. Rev., 111, 297 (1958); K. Gorow: NYO—2352 (University
Lochester, 1959).

7) II TyrEN and A. J. Maris: Nucl. Phys., 3, 52 (1957) and 4, 662 (1957).
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THE POLARIZATION OF THE PROTON FROM THE PROCESS y-+p —p-+n® ETC. 59

as the asymmetry:
- Left — Right
g ®~ Tett - Right’

for an incident “beam of polarization 1.
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‘Analysing power of carbon for protons of different kinetic energies (polari-
zation +1 of the incident beam; the same authors as in Fig. 3).
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60

Fig. 5 gives, as an example, a graph where in the ordinate there is the pro-
duct of the time 7 of counting multiplied by AP? being AP the error in
the meagurement of the polarization of the proton; in the abscissa there is

the angle of scattering of the proton in carbon.
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Fig. 5. — The product T AP? versus the elastic scattering angle in carbon of 180 MeV

protons. Below the curves the angular resolution of our telescope is given.

The graph has been drawn for an energy of the proton of 180 MeV. It
clearly shows that the minimum time, for a given error AP, is displaced toward
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an angle smaller than the angle corresponding to the maximum value of the
analysing power; this being due to the fast decrease of the scattering cross-
section versus the scattering angle. The graph of Fig. 5 does not take into
account the contribution of the Rutherford scattering. With the help of graphs
of this type the average angle and the horizontal dimensions of the counters
have been chosen. The geometrical angular resolution we used is reported
in arbitrary units in the same KFig. 5 at the bottom.

The vertical dimensions of the counters are larger than the horizontal di-
mensions, but with the general condition that cos < 0.8.

In Table I are reported the values of the elastic scattering angles 0, we
have chosen at different proton energies. _

The hydrogen tai’ge’o is similar to the type already in use at Cornell Uni-
vergity: the hydrogen container is a cylindrical vessel with a vertical axis.
The diameter is 7.4 cm, and it is 8.7 cm high. The wall is a foil of stainless
steel plus mylar, with a total thickness per wall of 22 mg/em?  The vessel is
contained in a cylindrical stainless steel vacuum chamber; mylar windows
(3 mg/em?) for the y-rays and the protons are prepared in the chamber. Thin
aluminum radiation shields are disposed between the vessel and the wall of
the chamber. The diameter of our y-ray beam at the target, is 4.5 cm. This
dimension ig defined by a lead collimator 18 mm in diameter; the collimator
is at 2.3°m from the internal target (0.6 mm Ta) and 3.5 m from the H, target.

In Fig. 6 we give as an example the kinematical situation of our meas-
uremernits. The rectangles are determined by the thickness of the copper ab-
sorbers we have chosen and by the dimensions of the counters. ‘

The three rectangles which have been drawn refer to energies of 560, 700,
800 MeV for the y-ray beam. Fig. 6 makes clear the reason why we pre-
ferred to use anticoincidences to define the energy of the protons, rather than
limiting this energy by the top of the y-ray beam: in this latter case one would
have a proton flux on the carbon which is larger at smaller angles: this gives
rise to an asymmetry between the two telescopes, even if the laboratory dif-
ferential cross-section for photoproduction does not change with the angle 0.

 The proton flux on the carbon scatterer may differ from point to point;

as we explain later, we have masured the differential flux of the protons at
each energy, as a function of the angle of emission 0.
| The Cerenkov counter is made with a lead glass cylinder 18 cm thick and
with a diameter of 35 em. Light is collected by three photomiﬂtipliers in pa-
rallel, type 6364, which are in direct contact with the glass. :

In front of the (,erenkov counter is a lead shield which reduces its opening
to a diameter of 25 ecm. Tt is possible, because of the rather high energy of
our pions, to cut by a diseriminator the height of the pulses from the Cerenkov,
so that most of the charged pions do not enter the coincidences. This helps
to avoid a possible contamination by neutrons in our proton telescopes.

61
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Part of our measurements have been made with a different Cerenkov counter:
a cylinder of lucite with a lead converter in front 8 mm thick.

-
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Fig‘.,G. — Proton kinematics in the process y+p —p-+n’ In the rectangles are the.
‘angles and the energies of the protons detected in the measurements at 560, 700,
' 800 MeV of the v, respectively (first energy channel). '

Counter 1 has been added in order to avoid the possibility that a neutron
coming from a charged pion photoproduction may arrive to the carbon, pro-

[
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duce a proton in a quasi-elastic collision, and be detected as a scattered proton
in our coincidences.

The discussion of the results have confirmed to us that the presence of
counter number-1 was not strictly necessary.

We have therefore included in our results some measurements which were
taken without counter 1 in position.

3. — Measurements and controls.

The measurements for each y-ray energy were taken in the following order.
First, one of the two telescopes (for instance that at the right) is aligned with
the hydrogen target and with counter number 1, and the thresholds of the
" discriminators of counters 4, 5, 6 are fixed to a level corresponding to an
energy loss of at least 3 MeV in the scintillator. Second, on the basis of a photo-
graphic analysis of the height of the pulses, the levels of the discriminators
of counters 1, 2,3 are fixed, so that they certainly count the protons and only
a very small percent of the pions. The further digcrimination ‘against the
pions is made by the Cerenkov counter.

Third, the threshold of the Cerenkov counter is fixed to @ value, that makes
the couﬁti‘ng rate quite independent from its voltage.

Similar preliminary measurements are made on the telescope at the left,
and by alternatively aligning the right and the left telescope we verify -that
‘the counting rate is the same within statistics (usually within 49,).

After these controls have been made the two telescopes are finally set at
the chosen scattering angle and the measurements start. Measurements with
and without liquid hydrogen in the target, and with delays on the Cerenkov
counter, on the counters 1 and 2, on the counters 4 and 8 are taken in order
to measure aceidentals. Every three to four hours each telescope is aligned
to check that the counting rates are equal.

- At each chosen y-ray energy the distribution of the proton flux on the
carbon scatterer was made: this measurement is necessary to deduce the po-
larization from the measured left to right ratio.

- To do this, a counter (number 11 which is 2.5 ¢m large and 25 cm hlgh)
is placed just in front of the carbon, in line with the hydrogen target and
one of the two telescopes; thus we meagure the coincidences between counter 11
and the telescope plus Cerenkov for three different pogitions of counter 11
in front of the- carbon. This gives the change of the proton flux with the
~angle 0 of the recoil protons emitted from the hydrogen; in this way the pos-
sible different efficiency of the Cerenkov at different angles is automatically

taken into account. The results of these measurements are reported for a few
energies in Fig. 7

L)
©
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Fig. 7. - Differential proton fiux at different positions of counter 11.

One of the main difficulties in our measurements is due to the fast de-
pendence of the proton-carbon elastic cross- -section on the angle: as a con-
sequence any local difference in efficiency of our large countels may give rise
1o an apparent ajsymmetr} To be safe from this effect some further controls
were made: '

@) Measurements heve been taken of the protons scattered from the
carbon at different angles between 0° and 16°, to the left and to the right, at
energies for which the proton flux arriving to the carbon was rather uniform.
In this way we could make sure that the angle zero coincides with the sym-
metry axis of our system, for those small angles for which the polarization
effect iy negligible, and that the two telescopes are really equivalent also where
‘the proton intensity changes very fast with the angle.

b) Measurements have been made with the carbon substituted by an
equivalent amount of lead, and placing the telescopes at angles of four to six
degrees. Considering the large contribution of the Rutherford scattering and
the lower analyzing power of the lead, we should expeet equal counting for
the two telescopes. The good results of these control meagsurements strongly
contribute to increase our confidence in our results.

G4
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- 4 ~ Results.

Our results are reported in Tables I, IIL. Table I refers to the high energy
,.jlehajnnels B, and L,, and Table 1T reports the results from the low energy
_channels Ey; and Ly: FE_ is the average energy of the photons producing the
~protons; B is the maximum energy on the y-rays spectrum; AKE_ is the
‘energy interval of the photons which containg 759 of the counted protons.
fﬂapcm is the average angle of the emitted protons in the center of mass.
T is the energy interval of the protons. C is the thickness of the scattering
carbon. 0. is the average scattering angle of the protons in carbon. Column 8
f;spemﬁes if the counter one is in position or not. Columns 9 and 10 give the
~total number of protons scattered to the left and to the right, not yet cor-
~rected for accidentals and background. Columns 11 and 12 give the inten-
s1tv of the protons scattered to the right and to the left respectively, per 1013
féquivalent quanta, corrected for accidentals and background. In column 13
f’fl’o'he ratio is given between the right and the left intensity, and in column 14
_ the asymmetry is given, defined as

 (L—R
) O TN\LF B

.. The results of columns 11, 12, 13, 14 are already corrected for empty
hydrogen target and for accidentals, but they have not been corrected yet
:L}foiﬂ the contribution of the inelagtic collisions. This contribution is calculated in
Section 5. When the contribution of the inelastic events is subtracted, we ﬁnally
;fobtam the correct value ¢ of the asymmetry. This Value is given in column 15.
" During the measurements the average mtensﬂ;y of our collimated v-rays
f,bea;m was of the order of 2.5-10" equivalent quanta per minute.

5 — Analysis of the data. Correetions.

o In 01der to get the value of the polarization P from the measured left to
fﬁ;mght asymmetry, one must introduce a number of corrections. We give a
;j?ghst of those we took mto cons1derat1011 The correction e) is the most im-
f};porta,nt of the group. '

a) Empty target corrections and accidentals.

b) Unwanted detection of other processes than the single neutlal pmn
?'”fphotoproductlon

¢) Interactions of the reccil protons in the copper absorbers.

‘5 - Il Nuovo Cimento.

- ,6‘51
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d) Different proton flux at different points in the carbon, that is in dif-
ferent points in counter number 2.

¢) Inelastic collisions of the protons on carbon. The protons emitted
in the photaproduetion process, which initially have an energy higher than the
energy defined in the two channels of our telescopes, may undergo in the carbon
an inelastic collision which reduces their energy, and may therefore enter one
of the two proton channels. The left to right asymmetry of the protons in
these inelastic collisions is definitely smaller than in the elastic ones; as a con-
sequence the inelastic processes, if not subtracted, have a tendency to reduce
the total analysing power of the Carbon.

We describe in the following the method we used to estimate the correc-
tions, when we decided we had to take them into account.

Hstimate of correction a). The large intensity of our machine makes the
quality of our electronics quite important. With our fast coincidences, and by
properly clipping the Cerenkov and the other counters we succeeded to re-
duce the accidentals to about 109,. The empty target events were about 5%.
These spurious events were immediately subtracted from our counting rates.

Estimate of corrections &), ¢). We did not 1ntr0duee%ny correction for
these effects. In fact many checks made it clear that we were really counting
single 7, events: the excitation curve of our protons, the size of the pulses in
our counters, the resulting value of the absolute cross-section, ete. The ana-
lysis of the possﬂ)le kinematical conditions, together, with any reasonable _
assumptlon on the differentizl cross-section, brought us to the conclusion that
the contribution to our measurements of the double productmn of pions may
be disregarded. We algo did not introduce any correction for the interactions
of the protons in the copper absorbers: this effect is symmetric in the two
telescopes, and only may slightly change the definition in energy of our channels.

Estimate of correction d). The differential flux of the protons in the Carbon
has been measured by the 2.5 cm counter as described in -Section 3. The cor-
rection for this lack of symmetry is taken into account when we deduce
the polarization of the recoil protons with the Montecarlo method (see Sec-
tion 6).

Egstimate of correctlon ‘¢). All our information on the quality of the
carbon as an analyzer for measuring the polarization of the protons comes
to us from other experiments, in particular from the synchrocyclotron exper-
iments (7). These experiments give us the left to right asymmetry and the
differential cross-section in the elastic collisions of protons on carbon at dif-
ferent energies. It is mnecessary, to use these results, to subtract from the
elagtic events those which are due to the inelastic colligions in carbon, for
which the cross section and the left to right asymmetry is unfoi*tunateljr not
as well known. After this subtraction has been done, we can make the estimate

1o}
w0



THE POLARIZATION OF THE PROTON FROM THE PROCESS y-Fp —p+4n® ETC. 67

of the analysing power of our system in respect of the protons which have
been elastically scattered in our telescopes and which have entered our channels.

The correction may in principle be applied on the following lines. Call
(d%¢/dadT),, the differential cross- -section for an inelastic collision of a proton
on carbon, when it loses an energy 7 and is scattered at an angle o; call B
the energy of the incident proton. Call do/de the differential cross-gsection for
elastic collision of protons on carbon. Each ome of our telescopes detects
protons of a given AE = H,— F, energy interval (actually there are, as we
said in Section 2, two energy channels per telescope, and our calculation
has been made for each of them). _

Call N(£)d# the number of protons of energy F — dF emitted from the
hydrogen and arriving to the carbon. With these definitions, the number N,

of protons elastically scattered at the angle o when the proton flux arrlves
to the carbon is

Zda
@) Nu=nAQ f % wman,

AR being the solid angle of our telescopes, and n. the number of carbon nuclei
per square centimeter.

The nimber N, of protons inelasticaly scattered is

Fmax E—E, B, E—E,

» ' » d2e
(3) —Nine1: nuAQ !V f —N(E) dE f (dOC dT)indT +fN(E) dE f dOC dT)m }

2 E7E2

where B, is the maximum energy of the protens for the given maximum
energy of the heam.
Should the value of (d2o/d7dx),, be assumed to be independent of 7' in

our energy interval (¥ — E,) — (E — H,), then the ratio of the inelastic colli-
sions to the elastic ones may be written as

(4) =

[

y. (B j d‘«‘a/aad:ﬁ mN dE+J (B —1,) )(d?0/dod T) inN(E)dE

=

pA

f (do/de) N(E)dE

The integrals contain the proton spectrum N (E)dE, which can be ex-
pressed by the differential cross-section in the laboratory system for photo-
- production dS/df, the efficiency C' of the Cerenkov counter and the derivative

‘ df _[AE of the energy of the producing photon wversus the proton energy I
~at our ﬁ‘zed laboratory angle :

o~
w0
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If we disregard the contribution of the inelastic collisions inside the channel,
that is the second integral in the numerator of (4), formula (4) becomes

| o ET’“(dZG/dadmn(O/Ey)(dS/dﬁ)(dEy/dE)dE
G =) ’
| . [ (dojax) (0]B,) (A8)00) (A2, /A1) AT

where 6 is the angle of emission of the proton of energy I from the hydrogen
target. ’ ' o

The quantity C is a function of I, and has been eajlculated'by‘us for our
geometry, while dS/d0 is known from previous experiments ().

The ratio (5) may be therefore calculated provided that the functions
(Q%0/decdT),,, dS/de are known. It is just the limited knowledge of
(d%0/decdT),, that makes the estimate of (5) somewhat uncertain.

The value of (d%c/dadT), has been measured by TyYroN and MARIS (%)
in the angular region of 5°--49° (which includes the values interesting for our
telescopes), at a kinetic energy of the protons of 185 MeV, and in the energy
interval 0 < T < 35 MeV.

This nice piece of information is unfortunately limited to the energy
F =185 MeV. The value of (d?c/dadT),, exhibits a few peaks, clearly con-
nected to some known carbon levels, for 0 <7 <15 MeV, and varies in the
limits 0.5 < d?o/dedT < 1.5 mb-sr-MeV for values of T Dbetween 15 and
35 MeV. |

- The only information at energies H > 200 MeV has been indirectly de-
duced from some absorption measurements of CHAMBERLAIN and co-workers (°).
We have interpreted their results as an indication that d?c/dedT ~ .7 mb-
-sr-MeV at F = 300 MeV, and 20 << T <150 MeV.

The function (d%c/dxdT), and the polarization af the protons may be
considered rather well known in the region of the low energy levels of the
carbon. ' . : _

Having at disposal this limited amount of information, we calculated our
correction for the inelastic events using formula (5). The function (d%c/dedT),,
has been assumed to be of the form : ’

N . ) :

(E%l L’—_‘— -—-—55258, = mb -sr-MeV,

and valid in the energy interval (130--300) MeV (this value is in agreement
with the results at 185 and 300 MeV). ' :

As we said, in formula (5) the contribution of the integral

E, o

f (EME1)< t*o ) N@) az,

deedT

L
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given in (4) has been disregarded. This corresponds to include among the
elastic collisions the quasi elastic ones, for which 7 < (E,— E,). The average
value of 1' 18 in this case T'< (H,— H,)/3, the equality being valid for a con-
" gtant value of (d20/dedT),,, which is not true, the cross-section being generally
Jarger for smaller values of 7. In our case we have T< 10 MeV, and
one does not introduce an appreciable error assuming for these excitation
energies a polarization comparable with that from the elastic collisions.

Let us call A the ratio N, /N,. Once the value of A is known, it is pos-
gible to get the correct value of the asymmetry e:

e= (14 Ay, -

Tn Tables T and II the values of e, and the values of ¢ (columns 14 and 15)
for different proton energies are given.

An alternative way is offered to us in order to estlmate the contribution
of the inelastic collisions, or at leagt to verify the validity of our corrections.
Ag explained in Section 2 we have the possibility to measure protons of a
given energy interval E,— E, in channel I or in channel II. The left to right
asymmetry of the protons of a given energy has to be the same, independently
from the channel where they are revealed, but for the contribution of the in-
elastic collisions, which are relatively more in the second channel and have
a tendency to reduce the asymmetry s, in this channel. Once the correc-
tions for the inelastic collisions have been made with the method we out-
lined above, we shall have the same value of ¢, inside the statistical errors,
for protons of the same energy interval, independently from their channel.
The check is quite efficient, due to the different distance of the two channels
from the top energy of the protons.

The results of this check confirm our method. In Table IIT and in Fig. 8
we added together the asymmetries resulting from the first as well as from the
second channel. |

A
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£ Flff 8. — The asymmetry e versus the energy of the photons (the intensity is a always
‘ lower at the telescope closer to the ~y-ray beam).
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TasLe III. — The asymmelry to be expected according to the Montecarlo method for
P = —1 and for P =0, the experimental value of ¢ and the corresponding value of the
polarization of the recoil proton.

B e, (P=—1)| & (P=0) ¢ P

560 0.64 0.01 — 0.254-0.09 — 0.4 10.14
610 — — —0.4210.18 ~-0.634+0.23
650 0.69 0 —0.414-0.17 —0.6 +0.25
700 — — —0.4340.09 —0.57-40.12
750 0.82 0 —0.81-40.07 —0.384-0.09
800 — — —0.8740.13 —0.5. 10.17
850 0.68 —0.04 —0.324+0.14 — 0.5 4-0.22

6. — The computation of the polarization P from the corrected asymmetry.

Let us call P.(x) the analysmg power of the carbon at the angle o, that is
the asymmetry ¢ = (L— R)/(L+ R) for an incident proton beam Of> polar-
ization +1. Letus call P the polarization of the recoil protons we are meas-
uring. As well known, the relation holds:

- (6) € :‘Pc(oc)P .

Relation (6) is exactly valid at a definite angle o.
~ In an extended telescope a range of angles « is interested and the value
of P, is an average obtained from an integration on all possible angles «. The -
integration has been performed on the following lines.

Let us consider ag an « elementary » telescope, that element of our telescope
which detects a proton emitted from a given point of the H, target and scat-
tered in a given point of the carbon with given angles o and ¢ (¢ is the angle
among the photoproduction plane and the plane determined by the proton
lines of flight before and after the collision in the carbon, that is the scattering
plane: « is the angle among these two lines of flight).

We have divided the counters M, N (see Fig. 9) in 4 X 8 =32 elements,
and in the calculation each element is replaced by its center. We have cal-
culated the probability F, , for having a proton emitted from the H, target,
scattered in the carbon, and reaching a given element ¢ of the counter at the
left or at the right. This implies integration over all the possible positions in
the I, target and in the carbon. The H, target may be approximated by &
short segment along the y-rays direction.

By this approximations the probability for the ploton to get the ¢-th ele-

=3
~
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ment of the counter is given by an expression of the type

' - do | do
(1) (P = / f e {( EH AEAS; K () =1,
12
A(0,5.0) Ray beam
D \\\\ e - y
S~ carbon
- ‘O\B(;\/P:\)/P)ZF)
o)
|
X li /j 2 N M |
l/ 1 le
L |l | ’é/e):f
)
|/
- N

v
78
R
)
O/\\

Fig. 9. — A view of our disposition to indicate the variables we used to calculate the

polarization by the Montecarlo method.

where the factor K was introduced to take into account the difference in proton

N &) 0e
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flux on the carbon from point to point, dS represents the elementary surface
surrounding the point on the carbon where the scattering takes place, & is the

co-ordinate on the hydrogen target. The integral (7) has been computed by

the Montecarlo method.

The function do/df2 is the differential elastic cross-section in carbon, which
is different at the left and at the right for polarized protons; it is given by

do do
(E@)L: (m)ﬂ_fl + PP,(«) cos ] at the left,

(3—?3>R= (é%)m[l — PP,(«)cos¢] at the right.
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The total flux of protons at the left and at the right is obtained by adding
each contribution F; as glven in (7):

32 ‘
FL':Z(F’C)L7 FR:Z(F@')R'
; i=1
The final asymmetry is given by

2 g o Fr
' —F’L_[_F.R.

The relation between the asymmetry ¢ and the proton polarization is linear,
and in order to have it, it is enough to estimate the value of ¢ for P=—1
and for P= 0. If the proton flux on the earbon iy uniform, it evidently has
to be e=0 for P= 0. In the other cases an approximate calculation of e
for P=0 was made, by dividing the carbon in three parts, and using the
experimental results on the proton flux in carbon we already reported.

For P=—1 the integral (7) has been computed by the FINAC electronic
compuber of the Istituto Nazionale del Calcolo, using' the following method.
One point (£, S) within the limits of the integral was extracted at random,
and“the value of the function I;(&, 8), as given in (7) was calculated. After
a sufficient number of random extractions N, we can evaluate the mean value
of I;:

x
21,8 8)
Ii=—* .
' N

The product T X Vegy Ve being the volume within which we integrate, gives
the Montecarlo value of the integral given in (7).

7. — The sign and the value of the polarization.

We have found a right/left ratio larger than one in all our measurements,
and we made our meagurements at the right of the y-ray beam (see Fig. 1).
The intensity of the protons scattered from the carbon is therefore lower at
. the telescope which is closer to-the y-ray beam. By knowing the analyzing
power of the carbon, we can say that most of our protons emitted from the
hydrogen target have the spin down. If we define the sign of the polarization-
by the vector (n) as we show in formula (9), then the sign of our polarization
results to be negative. ‘
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In Table 111 we give the results on the polarization: the energy of the
v-ray beam is given in column 1; the asymmetry ¢ ag resulting from the Monte-
carlo method when the incident protons have polarization P=—1 is given
in column 2; the same for P=0 in column 3; column 4 reports the
experimental value we found for the asymmetry (which is negative according
to our definition), and finally we give in column 5 the value we found of the

polarization of the recoil protons.
The value of the polaruatmn P as a function of the y-ray energy is also

given in Fig. 10.
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Fig. 10. — The polarization P of the recoil proton at 90° c¢.m. versus the Y-ray energy.

We remark that our results at 700 MeV and 550 MeV are in agreement
with the results of STrEIN (3),

8. — Diseussion of cur results.

A general discussion of the experimental results in photoproduction has
been recently made by PEERLS (%), and we shall refer to his work.

In particular this author has given a general table of the angular distri-
butions and polarizations in photoproduction, and we will make use of his
results.

His assignements have been done on the basis of n+ and =n° photoproduction,
and of the polarization up to 700 MeV; his attribution of the states is reported

& R. F. PEIERLS : Phys. Rev., 118, 325 (1960).
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in the Table IV. We shall see that our results agree with his general assig-
ments, but differ in the possible estimate of the relative amplitudes of the
levels. ‘

-

Tasre 1V. - Quantum numbers describing the three pholoproduction resONANCEs.

- Level l Y w At A0 T
| A 1 3 + — _ 3
B 1 § = + — 3
0 2 3 + + = 3
1 = multipole order; ¥ = total angular momentum; w = parity; 7'= isotopic spin; AT and
2 = sign of the multipole amplitude for =t and =° photoproduction, respectively.

The most interesting characteristic of our results is that the polarization
remaing rather high from 550 MeV up to 850 MeV, as if at each energy two
or more interfering states, with a resulting polarization of negative sign, were
present. In particular no minimum of the polarization appears around
700 MeV. _ -

We must therefore look for those states who can describe the already known
results of the differential cross-sections for neutral and positive pions, and
which can produce a polarization of negative sign in the notations of Peierls,
and rather constant in our range of energies.

a) Assignement of the levels on the basis of the sign of the polarization. -
In the hypothesis that the three stabes 4, B, € with the attributions specified
in Table IV are present, the expression of the polarization’ becomes

4AB sin (04— 85) — BA/3wAC sin (64— 0¢) +

® PO =
| 1 /3B0(@?— 2) sin (05— do)} sin 6(n) ,

1
do/dQ =

with @ = cos 6.
(n) is a unib vector normal to the production plane, which we define as

LN
) " TkAql’

k, q being the momenta of the incoming photon and the outgoing pion in the
c.m. system. do/df2 is the photoproduction cross-section for m* production;
it is given by ' : '
do 1 . 5 3
o~ — 2 _ 2 2 _ __
10 2A(B 3w)+B<2 5 |

9 ABx cos (0, — 04) + /3 A0 (1 — 3x?) cos (00— 0¢) +

+ 4/3 BO(6w — 4w®) €08 (05 — do) -

002> + % 0 (1 4 62> — ba*) —

T4
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A exp [40,], Bexplid,], Cexpl[id,] are the amplitudes of the levels produc-
ing the first, second, third resonance respectively. A, B, ¢ may be positive
or negative, and we restrict therefore the phases 6 to lie between 0 and .

Our experimental results refer to x= 0, and in this case the A0 term is
zero in (8). The two remaining interference terms AB, BC both give a nega-
tive polarization, if we assume for 4, B, C the sign of the multipole ampli-
tude A, which has been proposed in Table IV.

This negative sign of the polarization both at the left and the right of the
second resonance is in agreement with our experimental results (Fig. 10,
Table III). According to them and in agreement with Table IV, B must have
opposite parity with A and with € and therefore B is an E,, d* transition,
and C is an B,, f* transition. The attribution of B agrees with the experimental
results of STEIN (%), and also with the recent theoretical considerations of
MALLOY (°) and of PELLEGRINT and STOPPINI (19).

b) On the amplitude of the levels at different energies. — The analysis of
Peierls has been done under the hypothesis that polarization is small or absent
above 700 MeV. This was indicated by some preliminary measurements quoted
by him, which do not seem to agree with our present results. In fact (see
Fig. 10) we find a definite negative polarization and this result may somewhat
change the discussion as developed before.

It is reasonable to assume that the amplitude of ¢ is negligible below
700 MeV. 1In fact there is no evidence of appreciable terms x* in the angular
distributions below 800 MeV, this implying that at leagst at 700 MeV,
C*< A?+ B2 In this case the high polarization we observe at 700, 750 MeV
must be due, according to (7), to the interference A B: that is, the amplitude 4
of the first resonance extends beyond 700 MeV. When the energy increases
the contribution of the AB interference decreases, but at the same time the
interference BC comes out and this can explain our experimental result that
the polarization remains rather constant up to 850 MeV. Our statistical uncer-
tainties do not allow to establish if there is a real minimum around 750 MeV.

Just to fix our ideas we tried to calculate the polarization on the following
hypotheses: amplitude A vanishes only after 800 MeV; amplitude B has a
maximum at 700 MeV and an extension corresponding to a width of the second
resonance of about 120 MeV; the amplitude C starts from 700 MeV and has
a maximum at 1100 MeV. In these hypotheses and with reasonable assump-
tions on the phagis we found values of the polarization at different energies
which are consistent with our results.

While we believe in fhe qualitative indications that we derived from out re-
sults, we do not consider convenient to try to get more quantitative results,

(®) J. 0. Marroy: private communication.
(19 C. PrrrecriNt and . SToPPINI: Nuove Cimento, 17, 269 (1960).
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because we realise that, with the present large statistical errors in the meas-
urements of the polarization and of the differential cross-section, it is not yet
possible to obtain in an unambiguous way the value of the amplitudes of the
multipole states also supposing that only states A, B, C are contributing in .
this range of energies. It-is certain that more refined work remains to be done
in this energy interval. In particular for the polarization, it may be interesting
to examine the function P(f) at other angles than = 90°.
In conclusion, the pregent results agree with the hypotheses thafo

1) The three states 4, B, Is; corresponding to the first, second, third re-
sonance, seem to be gufficient to explain the single =° photoproduction in the
range of energies (500--900) MeV. This may be simply due to the poor ac-
curacy of the existing measurements '

2) The three states 4, B, C have multipole order [, total angular mo-
mentum J, parity w, sign, isotopic spin, as assigned in Table Iv.

3) The resonance A extends its amplitude rather beyond 700 MeV (for
instance up to 800 MeV).

4) The resonance ¢ has an amphtude of the same order as B, and starts
to be 1mp0rtant from 750 MeV on.

The authors express their gratefulness to Dr. GIOR6I0 GHIGO and the whole
Synchrotron staff for the useful discussions and the continuous co-operation.
They are also grateful to Dr. CorRRADO MENCUCCINI for his substantial
help during the development of this work; to Dr. ANgELO TURRIN and his
group for assistance in developing the program for the electronic computer;
to Dr. CLAUDIO PELLEGRINI and GHERARDO SToPPINI for useful discussions.

RTIASSUNTO

T stata misurata la polarizzazione dei protoni di rinculo nella reazione y-+p —p—+n°,
usando il faseio y dell’elettrosincrotrone di Frascati; le misure sono eseguite ad un
angolo corrispondente a 90° nel sistema del baricentro, nell’intervallo di energia v di
(500 —900) MeV. Si & usata una tecnica di contatori; la polarizzazione dei protoni &
ricavata dall’asimmetria nella diffusione elastica, a sinistra e a destra, dei protoni
contro carbonio. I risultati sperimentali sono dati in Tab. IIT e in Fig. 10. E stata
trovata polarizzazione diversa da zero, sempre dello stesso segno, a tutte le energie
misurate e precisamente: P = —0.44.14 a 560 MeV; P=—0.634+0.23 a 610 MeV;
P——0.6+0.25 a 650 MeV; P=-0.5740.12 a 700 MeV; P=-—0.384.0.09 a 750 MeV;
P=—0.510.17 a 800 MeV; P=-—0.54-0.22 a 850 MeV. La discussione di questi risul-
tati sperimentali, insieme a quelli sulle distribuzioni angolari, porta alla conclusione
che essi sono in accordo con Vipotesi che la seconda risonanza sia una transizione (H,, at)
o la terza sia una transizione (F,, f%)
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