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Slope of forward elastic 7r+p scattering from 4.4 to 6.0 Gev/c
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A 1 d' t 'b t for m+p lm p were measured for 13 inndent-pion mom
+ ~ ~ ~

enta from 4.4 to 6.0 GeV/c andngu ar is ri u ions or
a 'ent S nchrotron offor —t less than —0, 1 (GeV/c}'. This experiment was performed at the Zero Gradient ync ro

Argonne Nationa a ra ory, w e1 L bo t ~here a focusing magnetic spectrometer. and a scintillation-counter hodoscope
d. In fittin the angular distributions the strong-interaction contribution was parameterize y an

exponential form exp(bt); the Coulomb interference was also included. The resulting v

parameter for
t tj g —0.1 (GeV/c)2 are presented for each incident beam momentum.

INTRODUCTION

Elastic scattering of pions by protons in the near-
forward region has been the subject of study in
many experiments. The differential cross sections
measured in the forward direction are frequently
fitted by a quadratic form

exp(bt+ ct ')
t dt go

or a linear form with g=0. Forward scattering
has been studied over a wide range of energies,
although only a few measurements' ' are found in
the momentum interval from 4 to t GeV/e.

In our experiment, we have obtained data at small
momentum transfers for 13 incident momenta from
4.4 to 6.0 GeV/c and have measured the slope pa-
rameter for each of these momenta. The Coulomb
interaction has been taken into account in fitting
da jdt. The results of such fits are presented along
with the contribution of the strong interaction alone.

APPARATUS

The beam of pions required for the experiment
was produced at the Zero Gradient Synchrotron
(ZGS) of Argonne National Laboratory. A layout
of the apparatus used to obtain differential cross
sections in the near forward direction is shown in
Fig. 1. This apparatus is more fully described in
a report on a simultaneous experiment which mea-
sured backward Yf'p elastic scattering. " The in-
cident beam had a momentum spread of + 1%, pions
were identified by Cerenkov counters Q. and C2
and scintillation counters J31 through J35. Another
Cerenkov counter (not shown) was used to veto po-
sitrons.

The beam pions impinged on a 25.4-cm-long li-
quid hydrogen target located in the gap of a C mag-
net which was used to ca3ibrate the spectrometer
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FIG. .'. Experimental layout. A Q counter, 1.4 cm in
width, was used to define the scattering plane of this ex-
periment. A 2.54-cm-wide counter just downstream of
this ft) counter was used in the backward m'p elastic-
scattering experiment, Ref. $0.

system but which was turned off during normal
data taking. Those pions which scattered upward
in the vertical planeentereda narrow scintillation
counter, @ (22 cm high and 1.4 cm wide), and a
counter hodoscope, 6)«». This hodoscope divided
the vertical plane into five segments 8, through 8„
each 3.1 cm high, and covered laboratory scatter-
ing angles from 1.6 to 4.3 . Data from additional
counters at smaller angles were not used because
of contamination from multiple Coulomb scattering
of the beam.

The momenta of the particles were measured by
a focusing spectrometer which consisted of two
quadrupole magnets and a, dipole magnet with a
20-cm vertical gap. The first quadrupole magnet
downstream of the hydrogen target was vertically
focusing in order to obtain a large vertical accep-
tance. The second quadrupole was horizontally
focusing. The dipole magnet was located between
the two quadrupoles and bent the particles 9 in the



horizontal plane. A scintillation counter, p„(1.2'7

cm wide and 18.1 cm high), was located at the final
image formed by the focusing spectrometer for for-
ward elastically scattered pions. Pions produced
in inelastic interactions were kinematically ex-
cluded by the momentum constraint provided by
this counter. The 30-em-diameter, 91-cm-long
Cerenkov counter, C3, was placed immediately
aftex'p and was used in coincidence to identify the
pion. A coincidence between counters j31 through
B5, C1, C2, p, 8Hoo, p„, and C3 could be satis-
fied either by an elastic m'p scattering, by aeci-
dentals, or by scattering from matter other than
the liquid hydrogen, The latter two backgrounds
were corrected for by subtracting the target-empty
data from the target-full data.

VO%%uo because it did not accept the full pion image.
The overall counter efficiency was observed to be
independent of the seattex'ing angle and hence of
the momentum transfex. The t dependence of the
measured cross sections was found to be indepen-
dent of the momentum width of the incident beam.
This was determined by taking some of the data
at two different momentum widths.

The angular distributions are presented as a func-
tion of t in Fig. 3 for each of the 13 incident mo-
menta. The errox's shown are statistical only. In
taking data at different momenta, none of the ap-
paratus was moved and only the magnet currents
were changed. Thus we estimate that the syste-
matic errors are small compared to the statistical
errors,

DATA TAKING

Conventional logic circuitry was used to measure
the event rates for each hodoseope counter. These
rates were recorded on scalers and were read into
an on-line computer which also monitored the
equipment. Data at each momentum setting were
taken in several runs alternating between target
full and target empty.

DATA REDUCTION

In order to extract the cross section, it was nec-
essary to determine the acceptance of the spec-
txometer and the overall counter efficiencies. The
C magnet was used to experimentally determine
the spectrometer acceptance by deflecting the
beam into each of the 8 hodoscope counters and
recording the fraction reaching the p~ counter.
The spectrometer acceptance was ~ 99%%uo for all but
the last two counters and was 9V% for 84 and -20%
fox' 85,

A computer program, TURTLE,"generated beam
particles with the phase-space distribution of the
actual beam and orbited them through the experi-
mental setup with appropriate apertures. The
spectrometer acceptance calculated from TURTLE
agreed well with the experimental values, including
the low acceptance fox counter 85. Because of the
low efficiency of counter 85, the data from this
counter were not used in the final analysis.

For scattered pions, deviations from 100%%u~ ac-
ceptance were due in part to the finite width of the
p, counter (1.27 cm) and the shape of the final
image. This effect was experimentally studied by
varying the current in the B4 dipole magnet which
swept. the beam image across the p, counter. These
data are shown by dots in Fig. 2 as a function of
Ap/p. The curve in the figure is the prediction
from TURTLE.

The efficiency of the C3 Cerenkov counter was

ANALYSIS

The data were analyzed by assuming that the to-
tal scattering amplitude can be expressed as
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FIG. 2. The counting rate of pions in the p „counter as
a function of ~/p pg) at incident momentum 4.6 GeV/c.
The dots are data and the curve is the prediction from a
Monte Car1o program.

where f, and fc are the complex strong-interaction
and Coulomb-interaction amplitudes, respectively.
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The differential cross section then becomes
I j I

dt
= If.+fcl'= If.l'+ Ifcl'+2«(f.*fc}.

This can be written in terms of cross sections as

do acr '~'
p cosa+ sine

where p is the ratio of the real part, fz, to the

imaginary part, fI, of the strong amplitude. The
values for p ranged from -0.30 to -0.27 over our
momentum interval. " The Coulomb cross section
is given" by

(
—
„g) =lf. i*,

—2~p@c exp(j5)
137t (1+ t/0. 71)"

where t is expressed in (GeV/c}' and 5 is the phase
shift between the Coulomb and the strong ampli-
tudes; we have used

5 = —
I ln(56. 4t)+ 0.57721/13'l.

Over our I, region the interference term contri-
butes noticeably to the differential cross section
though the Coulomb term by itself is negligible
(&0.3%}. The strong amplitude is parameterized
by an exponential

exp Qg

where 6 is the slope parameter for the strong in-
teraction.

Standard least-square fitting methods were em-
ployed to obtain the fits presented by solid lines
in Fig. 3. The dashed curves were obtained from
these fits by subtracting out the Coulomb contri-
bution, and can be interpreted as the effects of
pure strong interactions. The slope parameter,
h, is the slope of the dashed lines. We have nor-
malized the data so that the ordinate for the dashed
cur've is 1.0 at 8 = 0.

The fitted values for 5 from this experiment are
given in Table I and are plotted in Fig. 4. The er-
ror bars indicate only the statistical errors; the
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FIG. 3. The angular distribution for n'p elastic scat-

tering for each momentum given as a function of the mo-
mentum transfer squared, t. The solid lines are fits to
the data including the Coulomb interaction. The dashed
curves are results from the previous fit without the Cou-
lomb-interaction contribution and represent the strong-
interaction slope. Errors shown are statistical only.

systematic errors, which are not included, are
small by comparison. The values of b found in
other experiments are also presented in Fig. 4.
Some experimentexs with data over a larger t range
fit their data with an additional quadratic term in

t, namely exp(bt+ ct'). Because of the small
t range of this experiment, our values for b are



only slightly affected by including this quadratic
term. Small horizontalbars on the points of Fig. 4
indicate the values of 5 obtained by refitting both
our data and data from other experiments with the
inclusion of a quadratic term' with c = 2.24 (GeV/
c) '.

We note the presence of apparent structure in the
slope parameter around 5.7 GeV/c. The lower
slopes obtained for the 5.6- and 5.8-GeV/g points
are apparent in each of the separate runs at those
momenta. The 5.6- and 5.8-GeV/g runs were
sepa, rated by data, taking at five lower momenta.
Lasinski et g/. ' have suggested that structure ob-
served in the momentum dependence of the slope
parameter is associated with the presence of 6"
s-channel resonances, especially at incident beam
momenta below -2 GeV/c. The apparent structure
in our data cannot be explained by the presence of
any of the established ~" resonances.

P (GeV/~)

4.4
4.6
4.7
4.8
4.9
5.0

5.2
5.3
5.4
5.6
5.8
6.0

8.4+ 1.0
7.6+ f.2
6.9 + 0.8
7.2 + 0.6
7.0+ 0.7
7.i + 0.4
7.5 + 0.5
7.8+ 0.4
6.6 + 0.5
8.0 ~ 0.4
4.8 + 0.7
5.5+ 0.4
6.9+ 0.4

TABLE I. Slope of the forward peak, b, in Yr'p elastic
scattering.
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FIG. 4. Slope of the forward peak, 5, given for each incident-pion momentum. : our data; 0: Perl et gl. (Ref. 2);
V': Foley et cE. (Ref. 3); 6: Aderholz et cl. (Ref. 4); 0: Coffin et cl. (Ref. 5); X: Rust et al. (Ref. 6); 0: MacNaughton
et al. (Ref. 7); +: Ambats et al. (Ref. 8). The horizontal bars indicate the value of b if a quadratic term in t is included
with the coefficient c = 2.24 (GeV/c) as obtained in Ref. 3.
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