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%e report results on m+m ~e mo total and differential cross sections from threshold to 1.1-GeV m'm mass.
These results have been obtained from a high-statistics experiment studying the reaction m' p im' @ n at 2.01
GeV/e incident e momentum with the Chew-I. ow extrapolation method, The m 's have been detected and
their momenta analyzed in a large-gap cylindrical spark chamber placed in a magnetic field. The results
show three salient features: (i) A large I = 0 production with o„,(sr+sr ~tr tr ) approaching the S-wave
unitarity limit in the 550-750-MeV mvr mass region, without any narrow structure. (ii) A slow fall of
a'„t(m+m ~m n ) in the region of 750-950-MeV mn mass. This feature is not predicted by the "down"
solution for the I = 0 5-wave mm phase shift which has been reported recently. (iii) The presence of D-
wave effects above 850 MeV as indicated by our extrapolated angular distributions.

I. INTRODUCTION

A great deal of theoretical and expex imental
work has been done in the study of pp scattering.
So far most results have been obtained from peri-
pheral dipion production (II'll or Il Ile) in pion-nu-
cleon collisions. Fxom the beginning these experi-
ments have shown the well-known I.= 1, I= 1 w'ave

(P,): the p resonance of the IIII system at a mass
around 765 MeV.

In order to extract the other waves (Se, S„D„D„
F„.. .), olle Ileeds Ilot ollly to kllow tile pel. lphel Rl

dipion production but also to perform a Chew-Low
extrapolation giving on-mass-shell data which al-
low a phase-shift analysis of total cross sections
and angular distxibutions. Kith this method, in
spite of a large amount of data in the 3 final states
(II'll', ll Il', Il'll }, one cannot obtain unambiguous
pRx'tlRl w'Rves, malJlly fox' $o.

To determine this wave, another approach con-
sists in using data of peripheral p ~' pxoduction.
In this case the phase difference

~
i)s —gs

~

ls de-
termined directly. Unfortunately, the reactions

r P-r'm'n

m'n - m'm'P

or

7t'P-m m
~"

are difficult to study experimentally because neu-
trals have to be detected (I rays, neutrons, or
both). These experimental difficulties can explain
why there is no genexal agreexnent among the dif-
ferent experiments.

In this paper we x'eport results on a study of re-
action (1) at 2.01 68V/c. Preliminary results on

this subject were reported at the Tallahassee Me-
son Spectroscopy Conference (1973) and at the
Aix-en-Provence International Conference (1973).'
In the present work we have included more infor-
mation about background reactions and a better
determination of the detection efficiency.

In this experiment, the neutron was not detected.
In order to obtain enough constraints to fit reac-
tloll (1), we pllt our effol'ts oil R cleRII ldentlflcR-
tion of the y rays and on the best possible accuracy
of their energy measurement.

The apparatus had a high detection efficiency
over a wide solid angle and therefore allowed us
to collect events over the full range of cos8~,. The
deslx'ed Rccux'Rcy of the p-ray enelgy measure-
xnent obliged us to work at a moderate P„b in or-
der to produce low-energy y rays (i.e. , P„&1
68V/e}; they were detected in a large-gap spark
chamber, whose electrodes were made of lead
(1 mm thick) placed in a magnetic field. The ex-
pel lmentRl setup ls desex"lbed in Sec. II.

After scanning and automatic measurement of
the tracks, we were left with 6929 4y events. In
Sec. III, we summarize the geometrical-recon-
st ct'o ethod, the k e at' al f'ts, and the
calculation of the efficiencies and corrections.
%'e also describe various checks which were used
to obtain a weighted sample and to evaluate the

0~0 background coming mainly from 37io 4~0
and X*production.

After verifying that the extrapolated cross sec-
tiOn Wae near 0 fOr bs/its =0, We perfOrmed a COn-

strained Chew-Low extrapolation which yielded the
total and the differential elastic cross section for
v'v-- v'v' (Sec. IV).

In Secs. V and VI we compare, respectively,
our results with others and with phase-shift-
analysis predictions.



II. EXPERIMENTAL LAYOUT

A. General description

The apparatus was designed to study the reac-
tions v p-neutron +Xy (%=2 to 6) and was in-
stalled near the synchrotron SATUHNE. The neu-
tron was not detected, owing to the smaQ detection
efficiency and to the difficulty of avoiding biases.
An unambiguous identification of the y rays and
an Rccux'Rte measurexnent of thelx' xnoxQenta %'Rs

thex"efore needed. The conventional y detection by
sho%'er px'oductloD ls Dot we11 suited fox' this ex-
periment because a large fraction of y rays have a
small energy (25% of y's have P„&150MeV/c).

p rRys %fere d&tected by pair cx'eRtlon Rcross thin
plates of lead (1 mm thick). Their momenta were
obtained from the curvature of electron trajec-
tox'les lnslde R xnagnetic field. Moreovex' the
need of a large solid angle for y-ray detection led
to the apparatus shown on Fig. 1(a). A large-gap

pro. l. +ac'Hlty perspective of the experimental layout; (a) A, Goliath magnet, Q H~ liquid target and anti-
counters, Q, beam counters, D, cylindx'ical wide-gap spark chambex, E, fan-shapped mirror assembly fox' stereo-
scopic photography, +, field lens of 7 meters focal length. (4) A typical 4-electron-pairs event as recox"ded on film.
Note the dixect and xeflected (shifted anticlockwise) sparks images.
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cylindrical spark chamber (D) was immersed in
the magnetic field (1.8 T) of a large magnet
"Goliath" (useful volume 2 m in diameter and 0.9
m in height). The spark chamber surrounded a
liquid hydrogen target (10.V cm long). A set of
counters (8}allowed us to trigger only on neutral
reactions with all y rays emitted in the solid an-
gle (5.1 sr) covered by the chamber A. system
of 14 tilted mirrors (E) provided the small stereo-
scopic angle (8 ) required by the cylindrical geo-
metry of the chamber. The direct Rnd reflected
sparks were focused onto a camera by a 1.V5-m
diameter field lens of 7-m focal length (E). A
typical 4y event recorded on the film is shown on
Fig. 1(b).

A double-focusing pion beam was collected at 0'
from an external target of the synchrotron
SATURNE. At 2.01 GeV/c the average beam inten.
sity was 3 x 10' pions per spill (350 msec) with a
momentum dispersion of dp/p =+ 0.015.

B. Specific features of the apparatus

The chamber

The cylindrical wide-gap spark chamber (useful
volume 1.60 m in diameter and 0.'I m in height}
was made of 9 concentric electrodes (1-mm lead),
sandwiched between 0.5-mm aluminum foils; the
last lead plate, however, was 3.3 mm thick. The
gap was '7 cm and the inner electrode had a radius
of 20 cm. The high-voltage pulse (225 kV, rise-
time 40 nsec and width 20 nsec} was delivered by
a Marx generator and applied to the chamber on
the middle electrode.

In this type of chamber, the sparks foQow the
trajectories of charged particles if the angle with
the electric field is less than 35'. This condition
ls SRtlsf led by pRlx'-cx'eRtlon electrons ln the f list
few gaps after the electrode of conversion, due to
the geometry of the anticounter and to the position
of the target.

The memory of the spark chamber was reduced
to 2 p, see by addition of 3 x 10 4 volumes of Freon
in the gas mixture. The percentage of pictures
with "old tracks" (mostly beam tracks} was thus
less than 10k. In addition, about 7/0 of the pic-
tures show a "young" beam track which crossed
the chamber during the time delay necessary to
trigger the spark chamber (=600 nsec). In such
a chamber, spurious sparks are very rare and can
by no means be confused with chaxged-particle
tracks.

In the case of y-ray detection by pair creation,
the energy distribution of the electrons is quite
flat, so that a certain fraction of the y rays were
seen with only the track of the most energetic
electron, the other being stopped in the electrode.

A small percentage (—3%) of single tracks came
from the Compton effect. Both effects account for
the fact that 48$c of the y's were detected as single-
electron tracks. However, this single-electron
track given by a y ray cannot be confused with a
primary charged track mainly because of the
empty gaps between the target and the materiali-
zation apex, the great curvature of the trajector-
ies, or the characteristic bremsstrahlung along the
track. Electrons escaping from an electrode with
an energy is low as 10 MeV have been detected,
but the automatic measurement device imposed a
cut at 20 MeV corresponding to a radius of curva-
ture less than 4 cm.

This chamber had a very good efficiency for
events with very high multiplicities but there was
a large range in the spark luminosity.

2. The optics

Vgith the cylindrical geometry and the opacity of
the electrodes of the chamber, it was not possible
to take two photographs with a 90' stereoscopic
Rngle.

The height coordinate z in the chamber was ob-
tained in the following manner: In addition to the
direct image of the spark, a reflected image
was given by mirrors assembled in the form of a
fan underneath the chamber Rnd was recorded on
film. The distance between these two images is
roughly proportional to the height z. The number
of mirrors (14) and the angle (n =4 ) resulted from
a compromise between the wanted z precision, the
volume available below the chamber, and the in-
terference of the rays with cylindrical electrode
structures.

The field lens was made of glycerine inserted
between a Lucite plane, 24 Inm thick, Rnd a por-
tion of Lucite sphere, 8 mm thick. The curvature
was obtained by blowing a heated plate. '@hater

was added to the glycerine in order to obtain a
refractive i.ndex equal to the index of the Lucite
envelope.

The counters

In order to eliminate most of the accidental
tracks, the incident ~ was defined by means of
four scintillation counters located along the tra-
jectory of the beam. The last counter, placed
only 3 cm in front of the target, was located di-
rectly inside the vaecuIn vessel. Also located in
this vessel, and all around the target, were two
counters made of lead-scintillator sandwiches.
The aim of these counters was to reject processes
with a scattered charged particle as well as the
neutral scattering processes where y rays are
emitted outside the useful volume of the chamber.



The photomultipliers wexe placed outside the mag-
net at the end of long Lucite pipes (3 m} to pre-
serve them from the strong magnetic field. They
were shielded to avoid the effect of the fringing
field (about 300 6).

III. DATA ANALYSIS

A. Scanning of the y-ray multiplicities

A large-gap spark chamber detecting y rays of
low enex'gy by pRlr convex'sion perIMts R cleRx'
identification and gives a good measurement of
their kinematical parameters. Nevertheless there
exist two main sources of spurious y rays:

(i) y rays of bremsstrahlung emitted in the for-
ward direction by the electrons crossing a lead
electrode can be converted downstream.

(ii) Some electrons escaping from the chamber
can re-enter it because of the curvature of the
trajectories in the magnetic field.

At the scanning level, the y-ray multiplicities
were recorded without distinction between primary
and spurious y rays. For each event including 3
or more primary y-ray candidates (4V 000 events)
the scanner Ineasured 3 points pex' direct and re-
flected electron tracks. This procedure was
needed to help thetrack-findingprogram which was
complicated because of the high number of tracks
per picture (a 4y-ray event showed an average
of 14 direct and reflected tracks).

In order to check the scanning efficiency, 10000
pictures were scanned a second time by physicists.
A discrepancy in the y-ray multiplicities appeared
and was mainly due to tangled topologies. A com-
plete treatment of the events coming from the
second scanning showed that only the normalization
was affected and not the ~0~0 mass spectra or the
RIlglllRl' dlstrlbutions. This effect WRs I'ellloved ill
the final analysis by applying a correction of 19%%uo

in the normalization.

8. Measurement and geometry

To make use of the continuous trajectories and
to gain sufficient infox'mation for short tracks,
it was necessary to make one measurement every
centimeter. This requirement and the large num-
ber of events to be measured made it necessary to
use an automatic measurement device ARIANE II.2

AHIANE II is a flying-spot cathode-ray tube con-
trolled by a small on-line computer (CDC 8090}
which x'eRds the dRtR box Rnd digitlzes the spRx'k8

(V points per gap) Rnd the fiducial marks. The
avex'age measuring precision corresponds to 0.1
mm in x'eal space with a measuring time of 30 sec
per frame.

Kith the help of the rough measurements done

at the scanning level, the track-following and the
matching between direct-and reflected trajectories
have been done with an efficiency of 98.5%

A parametrization of the optics (field lens and
tilted mirrors) was necessary to determine the
transformation between measured points on the
film and real-space coordinates in the whole vol-
ume of the chamber (diameter=1. 6 m, height=O. V

m). In order to obtain the parameters of this
transformation, a horizontal grid was photo-
graphed at different levels (z} inside the magnet
before and aftex each data-taking. The global
uncertainties on point reconstruction in space
were: o„=o,=0.65 mm (in the horizontal plane
perpendicular to the magnetic fieM) and o, = V.O

IQIQ

C. e-' and y kinematic parameters and filter program

Each time an electron crosses a 1.0-mm-thick
lead electrode, it suffers an energy loss by brems-
strahlung. This loss is highly non-Gaussian. ' The
most probable loss (b, E/E = 0.02) is very different
from the average loss (r E/E= 0.1V}, hence the
variance ls lRI'ge (6 14%%uo). As we WRllted to detel'-
mine the energy of the electron by fitting a cyclin-
drical helix assuming a uniform IQagnetic field and
a relatively negligible energy loss, the useful
track length was limited to 3 gape (i.e., 21 cm).
For trajectories with a sudden jump of curvature
across an electrode, the track length was limited
to its upstream portion.

Knowing the geometrical parameters of the
electron trajectories, we computed the directions
of the parent y rays and used them to eliminate the
spurious tracks Inentioned above:
(1}When the assumed parent y ray did not point

toward the target, the track was considered as a
re-entering electron and was rejected.

(2) TRklllg lllto RccouIlt the peRked RllglllRI' dis-
tribution of the bremsstrahlung o, ,~=0.6V(M,/
E,) ln(E, /m, ) (for instance oe „~=. 1.0' for a 100-
MeV electron}, converted bremsstrahlung y rays
were eliminated in the following way: For each
electrode crossed, the tangent to the trajectory
was computed. Any downstream electron located
inside a cone centered on the tangent with an aper-
ture proportional to cr~,~ and to the experimental
angle error was removed.

In order to obtain the true energy of the elec-
trons, several corrections. were applied to the
vlslble momentum:

(i) For all tracks the momentum was increased
by 8.5%, which corresponds to the average energy
loss in the conversion electrode.

(ii) A variable correction depending on the lead
thickness crossed by the electron after the con-
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version electrode mas also applied.
(111) ln 6% of the cases a converted y of brems-

strahlung pointed towards the origin of the paxent
electron; its energy mas added to the primary
y- ray energy.

The momenta of the primary y rays and their
errors mere obtained in the case of pairs by P„
= P,.+ P,+ and in the case of a single electron by
P„=P,+20 MeV ( P,/P, ), the last term being the
average momentum of the unseen electron.

The vertex was calculated by a least-squares-
fit method using the extx"apolated trajectory of the
incident pion acxoss the target as weQ as the mea-
sured direction and the materialization point of
the y rays. The accuracy of this vertex determi-
nation was + 1 cm along the pion track. This meth-
od also gave the fitted dixeetions of y rays and
their errors which, associated with the momenta
calculated above, furnish the input parameters for
the kinematical fit of the reactions.

D. Kinematical 6t ting

The energy loss by bremsstrahlung emitted by
an electron crossing a fraction of a radiation
length of lead is non-Gaussian and is therefore
111COIIlpailble with tile vaI'Iable 1/P which Is usually

used in the fitting programs where Gaussian errors
ax'e assumed. %'e used our 2y-ray events where
the charge exchange dominates in order to find a
variable to be fitted mhich gives nearly a Gaussian
distx'ibution of M„ in the one-constraint fit of the
reaction II p -yyn. The variable lnP„(Ref. 4) (m-
stead of the usual 1/P„) was found to be convenient.
Figure 2 displays the yy mass spectrum at incident
momenta of VS% MeV/c and 2010 MeV/c. This
spectrum exhibits tmo peaks for g' and q0, cen-
tered, respectively, at 136 MeV/c and 544 MeV/c,
the average mass resolution being 15%.

All 4y events (6929) were fitted with the vov'
hypothesis. The assumption that y rays came
fxom 2p0's and the fact that the neutron mas not
detected led to a 3C fit. For each 4y event, among
the three possibilities of pairing y rays into 2&0

the comb1natlon with the best X mas kept fox' the
analysis. The average difference between the three
X' was 8. %'e have checked by Monte Carlo calcu-
lations that, for a cut at X' &20„ the choice of the
combination mith the best g' mas the good one in
90% of the cases. The 10% of bad pairings gave no
visible effects on the distributions.

The number of events with n'/lI' & l5 and lt' &20
mas 2295. These events mere used later to per-
form the Chem-Lom extrapolation.

10' events/

2010 MeV

)
I

4t00
I

400 600 O

M~~ (MeV)
400 800

I

1200
Nl {Nley)

FIG. 2. yy mass spectrum for 2y events fitting the reaction m"p gym with y & 5, (a) for 757 Me&/g, (b) for 2010
NeV je. The curves represent the Monte Carlo simulation.
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FIG. 3. (a) go@ invariant-mass spectrum for experimental 4y events fitting the reaction g p m g'n (X &20, 4 /p
&15). The curves show the calculated contribution of 3g'n+4g'g and ~'+* events. {b) 3x' invariant-mass spectrum for
experimental 6y events fitting the reaction ~ p-3g n(g ~ 12). The dashed curve represents the Monte Carlo simula-
tion. The full curves represent the different contributions.

E. Monte Carlo calculations

A great deal of effort was put into the Monte
Carlo program to determine accurately the detec-
tion efficiency of the apparatus for y rays and also
to eliminate events with four y rays coming from
background reactions and still present after the X'

cut has been applied.

L Efficiency and resolution of the apparatus

The trigger was simulated by taking into account
the geometry and the lead distribution of the veto
counters 8 (Fig. 1). The effect of the neutron in-
teractions giving charged products inside the tar-
get, the scintillators, and the lead was also ac-
counted for in the calculations. Events of the type
g p- g'g n were generated according to the Durr-
pilkuhn distribution' with VKolf's parametrization6:

do'

dn2 (n2+ 2)2 (

~(~2) 1+&Ir 9 (- W }
1+R„2I2l2(r22)

where 8„=2.86 GeV ', Q(h2) is the momentum
of the exchanged ~ in the neutron center of mass,
M being the neutron mass,

2( 2)
CP(4M + 4 }

4M'

6' is the invariant four-momentum transfer be-
tween the nucleons, and p, is the pion mass.

The events were generated according to the in-
variant-phase-space p~ mass distribution and the
production of the dipion in a 8 wave; with these
assumptions the ca1culated trigger efficiency was
0.49.

The detection efficiency of the spark chambers
was calculated by taking into account the following
effects: chamber geometry, lead thickness, angles
of the tracks in the chamber, and energy loss by
bremsstx ahlung.

The simulation program has shown that 8% of
~'7t 'g events which trigger the apparatus are seen
as 4y events in the chamber. To obtain the true
weight function, all the Monte Carlo events were
passed through filter and kinematical-fit pro-
grams. The variation of the weight is linear with
the II'II' mass, four times higher at 1 GeV/c than
at threshold.

The parameters used later in the Chew-Low
extrapolation are the IIOII' mass (Id}, the neutron
momentum transfer (n2}, and the cosine of the
scattering angle (cosa,*,). The resolutions of those
parameters have been computed in the Monte Carlo
program".

The p'~' mass resolution was 40 MeV' haU-midth
at half-maximum (HWHM) near the threshold and 2
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times higher at M~,o —-1.0 QeV.
The momentum-transfer resolution was 1.0(n'/

p, ') at n „' and reached 3.0 at n'/p' =15.0.
The cosg,*, resolution remained around 0.1 over

the whole range.

2. Contamination

Qur final data sample which fits the p'p'n hypo-
thesis contains the following:

(v'v')n production via pion exchange,
g'K~ production via p exchange, and
3m'n and 4m'n events seen as four y rays in the

cha,mber.
The ~ N~ events are not eliminated by the X'

cut because they are real ~'7r'n events. If they
are present in our data sample we should see an
effect in the (v'N) mass spectrum

The 3m'n and 4n'n events with only four y rays
seen in the chamber are always present in the
data, whatever y' cut we apply. This is due to the
fact the momentum accuracy is too poor to permit
the elimination of some configurations of events
where low-energy y rays have not been seen in
the chamber. The above Monte Carlo program

has been used to evaluate the contamination due to
the 3p' and 4go events and to estimate the amount
of N* production.

N*(1236) was generated with the distribution
given by Ref. 7 and with the mass distribution and
decay properties given by Jackson. ' The experi-
mental v'N mass spectrum [Fig. 3(a}] shows that
the effect of the N* production is small. The geo-
metry of the anticounters B (Fig. 1) did not favor
the trigger on the reaction 7r p- ~'X* because the
p' of N*- p'n is generally of low energy and pro-
duced at a large angle; the &'-decay y rays were
therefore mostly emitted outside the useful solid
angle of the chamber. After the y' and A'/p' cuts
only 2% of the experimental events can be explained
by N* production, which is in agreement with a
total cross section of 200 pb as found by Clegg. '

The 3&'n events were generated according to q
production and decay (220 gb} in addition to a
background having the characteristics of the in-
variant phase space (450 pb)." For 4v'n, only
phase-space behavior was used (150 pb). '0 We
have found that 26/0 of the experimental four-y-ray
events carne from these reactions whexe only four
y rays were converted. The main effect of these
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baekgxound events is a deformation of the mass
spectrum near threshold. Although this contami-
nation is large we think that ere understand it faix"-

ly well. Figure 3(b) shows that the experimental
3g' mass spectrum fox' 6y events, fitted with the
hypothesis I p-Sion, is in agreement with the
Monte Carlo predictions. Another way to check
the accuracy of the Monte Cax'lo calculations was
to make a 4y sample by removing two y rays in 15
different possible ways from the 6y sample. This
was done simultaneously fox' the Monte Cax'lo and
experimental data and the x esults were similar.
The good description by our Monte Carlo simula-
tions of the 2y and 6y samples, in which known
cx'oss sections and decays of ~0-2y, q0-2y, 3po

can be used as checks, allows us to be confident of
the Monte Carlo data for the 4y sample.

F. Experimental results

Figure 4(a) shows the corrected II'II' mass spec-
trum for events with 4' jII' & l5. On this figure the
full line represents the gog' mass spectrum cal-
culated with the Chew-L0%' formula usxng CERN-
Munlcll pllase slllfts (down solutloll). Tile major
differences axe just above threshold and around
800 MeV. The same differences are also found in
a phase-shift analysis using our gogo results. ~2

Figures 4(b) and 4(c) display the momentum-trans-
fer distributions before and after the corrections.
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It should be observed that the experimental d2/p'
distribution is characterized by a peak at low 6'/

This is typical of one-pion-exchange (OPE)
peripheral reactions. On the contrary, the same
distributions for background reactions have a
moderate slope.

The 2vo cross section for n'/p'& 15 is found to
be V01+ 55 p,b. But this value is affected by a
systematic error of 13% mainly due to uncertain-
ties on background cross sections (12%}and to an
uncertainty (6%) coming from the estimation of the
weight function.

Figure 5 shows the goy' angular distributions
(i.e., the cosine of the direction of the scattered
zo relative to the incident g in the rest frame of
the dipion mass}. tJp to 850 MeV of vov' effective
mass, the angular distribution is isotropic; above
850 MeV an effect due to the D wave appears.

1V. CHE%-LOVE EXTRAPOLATION

%e obtained 2295 ~'~' events at low-momentum
transfer and y' & 20 (6'/p' & 15). ~e used them to

perform Chew-Low extrapolation in order to ob-
tain the total g'~ - ~'~' cross section and the Co
and C, coefficients of a Legendre polynomial ex-
pansion of der/dQ.

%e define the usual" off-shell differential cross
section for ~~ scattering by

E v n')= 1al) +2+ 2 2 d 0'
( I fM +(~2/4 ~2)1/2 ( I ) d+2d 2

where f'=0.081+0.002 is the gN coupling constant,
~ is the 7t'p mass, and t| is the incident-pion
laboratory momentum. This function extrapolated
to dP/p' = -1 gives the total cross section for the
reaction 7t '& —&ohio.

%e divided the Chew-Low plot into cells of
&o x (n'/p'} = 100.0 MeV x 1.5 for 0.0 & d,'/p'&3 0
and into cells of &g x (n'/p') = 100.0 MeV x 3.0 for
3.0&a'/p'& 15.0. In each cell we have computed
the function I' (&o, d') and we have expanded it ac-
cording to the formula
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~2
E(u, dP) = 2vX gb, (u&)

with n~ 2.
The extrapolated value of the function E(ro, dP) at

K'/p'=0 is compatible with zero in the whole mass
range [Fig. 6(a)]. This shows that the background
has been truly rejected and that we are dealing
mainly with an OPE process having an N&h' ver-
tex. This leads us to expand the formula E(rg, n2)

without a constant term.
The extrapolation to A'/p, '=-1 of this function

gives a more aeeurate determination of o„ than the
previous one. Figure 7 shows these extrapolations
after multiplication by 1/2&X', which yields the C,
coefficient [a„(ru)=2vX'C, (~), X=kc/q, q'= to'/4
—p']. The variation of o,„hand C, vs &u are shown,
respectively, in Figs. 6(b) and 6(c).
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In order to estimate possible effects due to the
binning, we have also used different cells in
~ x (a'/g'}; the values of C, obtained with the
different sets of cells were always compatible.
%e have checked the effect of the background sub-
traction (mainly Sv'N reaction) by varying the
0'~op and dG/d4 of this background within the limits
of the experimental errors9'o: Changes in do/dA'
had almost no effect because the background slope
in 4' is always moderate compared with the ex-
perimental slope. Changes in o„,did not vary
considerably the general behavior of C, vs &o (the
variation of the absolute value is continuous); the
maximum variation (less than 15%) appears at low
mass and is negligible at & = 1.0 GeV.

In order to obtain the C, coefficients, we first
expanded the following function in terms of I.egen-
dl e polynomial:

F (~, n', cos8*)

= &X' [C,(~, n')+ C,(~, r ') S,(cos8}],
whele 8 ls the gg scRtterlng angle in the dlplon
rest frame.

Vfe chose to divide the Chew-Low plot in cells of
&ox cos8,*,x (b,'/p') =200.0 MeVx 0.2x 3.0 for 6'/
p' & 6.0 and 200.0 Me@ x 0.2 x 4.5 for CP/p, ') 6.0 in
order to account for the lower statistics in the
high-(4'/p') region. The two coefficients were
extrapolated to b,'/p, '= -1.0, using C(&o, b, '/p')
= c' x (dP/p'). The values found from this method
for C, are in agreement with the previous ones
coming from the o„, extrapolation but the errors
Rre larger.

The variation of C, vs u& is shown in Fig. 6(d).
The variation of C, vs w presents a rapid rise
between threshold and 670 Me7, where it reaches
the 8-wave unitarity limit; above 670 MeV it de-
creases up to (d = 1000 Me7 and t~~en rises again.
C, is consistent with zero for co &850 Me7' and
then rises; hence D-wave effects in g+~ -g ~
Rre not strong enough to be visible under 850 MeV.

V. COMPARISON %LITH OTHER EXPERIMENTAL RESULTS

The present comparison is restricted to the ex-
periments where values of o,+. ..,0 have been ex-
plicitly given. This is not the case for Apel et ai. ,"

who compare published gp phase shifts with results
from Rn analysis ln the physlcRl region.

TaMe I shows the main characteristics of these
experiments, and Fig. 8 displays the correspond-
ing variation of C, vs ~. For the energy range be-
tween threshold and 620 MeV, all the results are
in agreement except for Skuja" Rnd Corbett" for
the latter it seems that a change of factor 2.7 in
the normalization would restore the agreement.
This factor has been applied on Fig. 8. The rapid
rise at threshold does not seem to be compatible
with %'einberg's scattering-length predictions. "

Above 620 MeV it appears that for a given ex-
perimental technique the behavior of the C, is
similar. Corbett renormalized, Sonderegger, "
Shibata, "and our results (spark chambers) give
a o„which decreases up to w = 1000 MeV. In ab-
solute value the measurements are compatible
within the errors. Grivaz2O (heavy-liquid bubble
chamber} is also compatible with this behavior.
Bensinger" and Braun" (D' bubble chamber} are in
very good agreement with each other. Contrary
to the other experiments they give a C, which in-
creases continuously with energy. Deinet" and
Skuja" who both detected the neutron are in dis-
agreement except in the 800-Me& region, where
they reach the $-wave unitarity limit; in this re-
gion they give values of C, higher than all the
other experiments.

VI. COMPARISON KITH PHASE-SHIFT-ANALYSIS

PREDICTIONS

Many phase-shift analyses~'24 "have been per-
formed but none of them used the g'p —p'~' re-
sults. These analyses suffer always from an am-
biguity in the determination of the S, wave between
650-950 MeV of gg mass. The C, coefficients
computed from these analyses [C,=—', sin'(6~
—6~ )] have very different behaviors. In particu-
lar a simultaneous analysis of the 3 final states
(v'v', v v', v'v ) (Ref. 12) gives 2 statistically
equivalent solutions (called up and down} for the
S, wave which predict the 2 behaviors of Co shown
on Fig. 8. For the full mass range none of the
measured C, is in agreement with those predic-
tions. The numerous checks that we have done on
our data give us sufficient confidence to use them
as input in a phase-shift analysis of the 4 mea-
surable channels of the gg elastic scattering. "
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