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ELASTIC-DIFFERENTIAL CROSS SECTION OF at o+ 1)

AT 1.5, 2.0, AND 2.5 BeV/c
' Victor Cook, Bruce Cork, and William R, Ho,liey,
Lawrence Radiation Laboratory, University of California
Berkeley, California

-.and

Martin L, Perl
University of Michigan, Ann Arbor, Michigan

September 20, 1962

-ABSTRACT
We_measured elastic-scattering angular distributions for TI'+ tp

scattering at 1.5, 2,0, and 2.5 BeV/c using spark chambers to detect scat-
‘tered pions and protons., A bump that decreases in amplitude with increasing
momentum is observed in the backward hemisphere in the 1.5 and 2,0 BeV/c
- distributions, but is not observed in the 2.5 BeV/c distributions. It appears
-reasonable. to attribute this phenomenon to the 1,.45 BeV/c resonance observed
in the . Tl'+ + p total cross s_ection., The data are compared With ™+ p data
-and are found to support the theoretical prediction that the scattering cro'ss
 sections for both charge states should become equal at high energies., We

fit the angular distributions with a power series in cose*, and compare the
extrapolated values for the scattering cross section in the backward direction
with the calculation of the neutron-exchange pole contribution to the cross
- section, The ""elementary' neutron-pole term contribution is calculated to be
90 mb/sr at 2.0 B_eV/c, in violent disagreement with the extrapolated valu_e,l
= 0.5 mb/sr. The residue function b(u), as defined b}; Frautschi, Gell-Mann
and Zéchariasen, which appears in the Regge neutron-pole term, is calculated

. *
from extrapolated values for the differential cross section at cosf =-1, The
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values of b(u) obtained are 135+ 16 mb at 1.5 BeV/c, 64+12 mb at 2.0 BeV/c

“and 45+ 15 mb at 2.5 BeV/c.
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ELASTIC-DIFFERENTIAL CROSS SECTION OF 4+ p
"AT 1.5, 2.0, AND 2.5 BeV/c

Victor Cook, Bruce Cork, and William R, Holley,
Lawrence Radiation Laboratory, University of California
Berkeley, 'California

- and

Martin L, Perl
University of Michigan, Ann Arbor, Michigan

September 20, 1962

I, _INTRODUCTION

The elastic-differential cross sections of positive pions on protons
at incident-pion momenta of 1.5, 2.0, and 2.5 BeV/c have been measured for
pion-\scatteriﬁg angles gi‘.eater than about 9 deg in the laboratory ‘systein,
The existing evidence concerning the pion-nucleon interaction at high energy,
can be _surrimarized as follows, | |

At about 1.5 BeV/c, the nt o+ p total cross section has a broad res-
onance, Whereas from 2 BeV’/c upward the variation of the total cross se;:tion

! Our lowest momentum meas-

with energy is smooth and slowly decreasing.
urement coincides with the highest momentum at o+ p resonance known, For
con.ven'ience,‘ we shall refer to the entire-région below 2 BeV/c as the "res-
onance région” of pion-nucleon interactions, »

‘The behavior af »‘&lv;e nt +p and m + p total cross sections.from
Z.vS BeV/c upward can be described as an asymptotic approach to a high-
energy limit, At that high-energy limif the behavior is though/to be very
sirnp.l.e;3 the total cross sections for at o+ p and w + p should approach the
same value; the elastic total and differential cross sections should also be-

come equal; and the charge-exchange cross section should go to zero, Addi-

tionally, recent dispersion theories 6 lead to specific conjectures about
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the behavior of the differential-elastic cross section with energy for the low

momentum-transfer. (diffraction-scattering) region and for the large momen-
tum-transfer (backwavr_d»—_scattering) region,

The purpose of our measurements was. to ext'énd_the known 11"+ +p
elastic-differential cross section-from the resonance region to the beginning
of the asymptotic. region, Three things. will be discussed specifically; first,

the effect of the 1.45 BeV/c 4 p total cross-section resonance on nt ot P

‘and w + p elastic scattering; secoh_d, the dégree to which the w1 + p and

® + p elastic cross sections become similar as the incident-pion momentum
increases; third, the evidence of a peak in the backward-scattering region,
and a comparison of this peak with the predictions of the elementary-particle

dis.pe.fsion- relation and the Regge pole theories.

II. EXPERIMENTAL METHOD AND RESULTS
The measurement was carried out at the Bevatron during an extensive

experiment on K interactions by Cook et al. 7 During the time that the Bevatron

.-beam was being used primarily for another experiment, the K+-beam apparatus

was tuned for 1r+. About 5% of the internal proton beam provided sufficient 7
flux for this experiment. Since the equipment used was the same as in the K*
experiment and is discussed in detail else\&here,F{ only a very brief description
is given'here., The apparatus, Fig. 1, consisted of a four-foot-long hydrogen
target surrounded on fhe front and sides in the horizontal plane by three spark
chambers which were in turn surrounded by an array of scintillationvcounters.
The chambers were pulsed when the counters indicated an interaction had oc-
curred with at least two roughly coplanar outgoing particles. The three spark
chambers, each with a 90-deg stereo view, were photographed on a single film

frame,
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All of the film was scanned at the Lawrence Radiation Laboratofy
and separately scanned at the University of Michigan, We selected elastic
events by requiring that the events be coplanar within three deg and that the
angles of the proton and pion differ no more than four deg from the kinematic
prediction. Actually 80% of all events accepted as elastic were coplanar
within two deg and agreed with the kinematic prediction within two degrees.
The total number of pictures taken was about 25,000, of which 3307 were
finally accepted as elastic, We corrected the data for geometric bias intro-
duced by the counters, scanning bias,_ beam attenuation in the hydrogen target,
absorption of the scattered proton, loss of elastic events by nuclear and mul-

tiple scattering, contamination by inelastic events from the hydrogé’n, and |J.+

and eJr contamination in the beam,

The results ére given in Figs,, 2,3, and 4. The G*_is the angle of the
scattered pion in the barycentric system. Statistical errors and ungér‘tainties
in corrections contribute approximately equal amouhts to the total 1('+ + p errors,
In addition to the errors shown, there is an overall uncertainty of ;15% in. the
absolute normalization due largely to uncertainties in |.L+ and e+ contamination,

To simplify the comparison with m” + p the corresponding # + p differential

.cross sections are also shown. The data are from Reference 8, 9, and 10,

The errors on the m points are not shown but are about the same size as the
'rr+ errors. Normalization uncertainties are about the same for both 1r+ and ™ .
The data are also presented in Tables I, II, and III. ' In the calculation
of the values of do/dQ at 0 deg, we derived the imagiﬁary part of the forward-
scattering amplitude from the total cross sections given in Ref, 2, The real
part of the forward -scattering aniplitude was taken from the calculation of
Cronin,11 except that his assumption of constant behavior of the totai cross

section at very high energy was replaced by the asymptotic behavior of the
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total cross section given in Ref., 2, The total elastic cross sections for =
and m are given in Table IV,

The Tf+-p and TT_—pS distributions have been fitted with a power
series in (cosé;ﬁ:)n,' At 2.5 BeV/c, both distributions require at least 10th or
11th order terms, and the same is true of the m -p data at 2.0 BeV/ca The
best values for the power-series coefficients for the 1.5 and 2.0 BeV/c data
are given in Table V, and the cross séctions calculated from these co-

efficients are plotted in Figs, 2 and 3.

III. DISCUSSION

First we consider the comparison of the 17++p and 7 +p differential
cross sections at 1.5 BeV/c. The diffraction peaks are quite similar, but the
Tl'++ p has a large backward "bump' (to be distinguished from backward 'peak"
which refers to the peak at c059*=-1) which reaches a maximum of 1.1mb/sr
at about cosG*== 0.5, whereas the ™ +p only reaches about 0.3 mb/sr, Thus
the effect of the isotopic: spin-3/2 resonance, which appears at 1.45 BeV/c
in the 1r++p total cross section, is also clearly evident in the 1T++p elastié
cross section and, fo a lesser extent, also in the m + p elastic cross section,

At 2,0 BeV/c the w4 p cross section is still greater than the ™ +p
cross section; the total elastic cross section is about 25% greater; and inthe
region outside of the .forWa.rd scattering peak, from cose* =+ 0.2 to cos9*=—l,,0,
the average differential cross section is 0‘.,21:|:0.035 mb/sr for 1r++p compared
to 0,160,025 mb/sr for m +p. However, at 2.5 BeV/c the total elastic and dif-
ferential-elastic cross sections are the same within the errors of this exper-
iment,

Thus, although 2.5 BeV/c is only the beginning of the asymptctic region,

the elastic-differential cross sections are already the same within the errors of
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these experiments, namely within about 25%. Thus this experiment supports
the generél picture that for increasing incident-pion momenta above.the region
of pioh—proton ‘resonances, not only are the total pion-proton cross sections
becoming independent of the pion charge, but the elastic-differen;cial cross
sections are also becoming independent of the pion charge,

Finally we consider the possibility of a backward peak in the differ-
ential cross section, We observe that the power-series fits to the -rr++p an-
gular distributions at 1.5 and 2.0 BeV/c indicate the presehce of a peak at‘
cosG*= -1 in both of these distributions,‘l‘2 We must point out, however,' that

%
we have no data in the crucial region between cosf =-0.95 and -1,0. Thus

we depend -upon extrapolated curves which indicate the presence of consider-

- able structure in the backward region, This is particularly noticeable in the

curve fitted to the data at 1.5 BeV/c shown in Fig, 2. There were no meas-
urements made beyond c056*= - 0.85 for this process, so the backward peakis
a result of the fitting procedure. (The peak is much smaller in the next highest
order fit to this data, )

The lowest order diagrams which contribut;: to backward n - p scat-
tering are shown in Fig, 5. These diagrams lead to singularities in the un-
physical region, cosf < -1, and one might expect that the singularity closestto
cose*: -1 is the most important in determining the backward scattering. The
neutron-exchange diagram (Fig. 5a) can contribute only to 1r++p because of
charge conservation; this diagram leads to'a pole which is the closest singu-
larity tocos@*= -1, Diagram 5b is Frep‘resentative of processes in which a
nucleon and one or more pions are exchanged, and these diagrams lead to

' v from «

branch cuts beginning further awayA cosf =-1 than the neutron-exchange pole.

If the process represented by Fig. 5a is much more important than the proc-

esses represented by Fig. 5b, then one expects the differential cross section
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: _ *
to rise in the physical region near cosf = -1,
Proceeding on this assumption, one can calculate the contribution to

backward elastic scattering from the neutron-exchange pole. If the neutron.is

an elementary pa.rticle6 one finds, 13

2 2

£

%
do (cosf =-1)

3/2 '_f23/2‘ g“M [(WZ-MprZ)]

u—MZ Wz

pole

where gZ = 15, M = nucleon mass, p = pion mass, W = total energy in the
. barycentric system, and u is the square of the cross-momentum transfer

given by

e
i

2 : .
M - 24 (6% p®)(q%+ M%) - 297 cosg™+ p,
where g = barycentric momentum,

- At.2,0 BeV/c incident-pion momentum,

* .
do (cosf =-1)

ole © 90 _mb/sr!
Evidently a correct description of l1’r+- P -bacékward scattering must include the
effect of processes represented by Fig., 5b., Unfortunately, there appears to
be no reliable method avaiiable for carrying out this calculation within the
framework or ordinary dispersion theory. |

If the neutron is a composite particle and if the incident-pion energy
is '"large enough', the Re‘ggenpole analysis should give the correct contribution
of the neutron-exchange trajectory to backward scattering, The contribution to

at- p backward scattering from diagram 5a, according to this analysis, is
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do (cos0™=-1) _ |(ﬁ-2M) (1.+'e,'i““)< s >° bs)
daz - 4m 2sinma 2eM |

where s = WZ, and a = J-1/2 is zero at u = MZ. The slope of the nucleon
Regge trajectory4 is approximately a'(u) & 1/(BeV)2. By extrapolating this
trajectory to the value of u corresponding to backward scattering, one finds
a® - 0.8, If we take this trajectory to bé the dominant one, the differential

cross section .is then

H

“do _ [b(uw) ° 0.113 (WT-13.4)°
- 1.6

s

3

§

where s is in pion mass units (p,z), and b(u) is in (%)2. In principle, the
value of ‘b(u) lz could be determined from the measured differential cross
section at cosf = - 1. The values determined for b(u) frbm the experimental
data are shown in Table VI, The agreement between the values of b(u) for 2.0
and 2.5 BeV/c is consistent with the requirement that b(u) be a slowly varying
function of momentum transfer. The backward peak at 1.5 BeV/c is known to
- .be associated with a resonance in the s-channel, 12 hence we do not expect
the value of b calculated for this momentum to agree with the values cal-
culated for the higher momehtum since our analysis does not include the ef-

fect of s-channel resonances.

%
33

inates the n—l__ -p backward scattering because the value of a33(0) is larger than

It should be noted that at very high energy the N,, trajectory dom-

aN(O), At lower energies the neutron trajectory should dominate, We have

assumed this to be the case in the energy range considered in this paper.
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. Although the present evidence 'is insufficient to allow a choice to be
madé- between the composite: state (Regge Pole) and elementary-particle hypo-
_theses, the former is slightly -favored. The vaiue we calculated for the back-
ward peak in elastic scattering, assuming that 'feiementary" neutron exchange
domi'r.iates‘g was about fwo orders of magnitude too large. This means thét if
- the e.lementary.-.par.ticl»e hypothesis is correct, the integrals over the double
: spect-ra,l functions must be nearly as -lar:gev as the pole term. While there does
not appear to be any r_e'ason‘ why this. could not be so, it does make this inter-
. pretation a little less at:‘cfactive.
A similar a_né._lysis could be carried out for # -p backward scattering,

where the exchanged ""particle' is N... The existing evidence on - p back-

'33°
ward scattering. does not appear to warrant such an analysis however, since

se
the extrapolation to cosf =-1 would be even more uncertain than for 1r+- P-
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" Table I. Elastic-differential cross section for '1r+_p scattering at

1.5 BeV/c incident-m momentum,

cos 9=k | %%‘?15

1;00 12;7 + L24
10,838 2,42+ 0,36
0.75 1.,6.5d: 0.25
0.55 0.30+ 0,07
0.45 0,44+ 0,09
0.02 0.31+ 0.05
=0,05 0.47+ 0.09
~-0.15 0.82+0.14
~0.25 1.02% 0,15
-0.35 1,14+ 0,17 .
-0,45 0.98+ 0.15
-0,55 0.91+0.14
-0,65 0.55+ 0.11
~0.75 0.51+ 0,09
f-dnss‘ 0.39% 0,08
0,915 0.78% 0,23




"Tabie II,

12~

UCRL-10391 .

Elastic-differential cross section for +p scattering

at 2.0 BeV/c incident-m momentum,

k-
cosh

1.00
0;882
0;825
. 0.75
0.65
0.55
0.45
0.2
-0.05
~0,15
-0.25
-0.35
-0,45
-0,55
-0.65
-0.75
-0.85

-0.915

do,mb

AT

10.4 +0.96

3.84 £ 0,57

2,93 + 0,44

1.60 +£ 0.24

0.54 £ 0,11

0.47 % 0.10

0.37
0.33
0.22
0.31
0.19

0.35

0.34 = 0,

0.24
0.21
0.10

0.03

+ 0,
+ 0,
+ 0,
+ 0,
+ 0,

+ 0,

+ 0,
+ 0,
+ 0,

+ 0,

09
05
06

08

02

0.05 = 0,05
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Table III. - Elastic-differential cross section for — p scattering

at 2.5 BeV/c incident - 1 momentum,

%
cosf -

- 1.00
1.916
0.87
0.825
0.75
- 0.65
0.50
10.30
0.10
0,10

-0,30

| -Orso
~0.70

. -0.85

-0,925

do mb
a S

1

3.9 +0.14

3.12+ 0.47
2,50+ 0,38

1.55+ 0,23

0,70+ 0,11

0.29+ 0.06
0.16+ 0,04
0.17+ 0,04
0.08+ 0,02
0.10+ 0,03

0.02+ 0.01

- 0,06+ 0.02

0.07+ 0,02
0.06 + 0,02

0.09+ 0.05
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- Table IV, Total elastic cross sections in mb.
"LAB
‘P'rr 1r+ + p T+ P
1.5 13.8 £ 2.0 10,4 £ 1.5
2.0 10.6 *:1.5 | 8.0 £ 1,5
2.5 6.9 = 1.0 7.3 £ 1.1




-Table V. Best values found for coefficients of cosf power-series
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fits to the m' - p and 7 - p elastic-scattering angular

- distributions. '
-p T -p
gMB 1.5 2.0 1.5
r<f)i-1éder of best 6 6 7
P(x%) 0.16 0,60 - 0.48
F(a)‘ 0:16 0,14 0.75
a, 0.47%0.07 0.22#0.03  0.15%0.02
a, -1.03£0.31 0.,521‘0.'16 0.09+0,13
a, 3.370.93 1.410.46 1.1540.36
ay. 0.12£1.42  3.79%0.79 2.36%1.24
a, ‘13.97+3.05  -6.18+1.53  -5.99+1.31
2 5,554 1.52 7.97£0.92  9.4243.37
a, 16.69+2,67 9.68+1.36 8.75+ 1,25
a, 12,23+2.64

!

(a)

Fisher ""F" test,

Probability that next highest term is zero, calculated usihg the

——
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' #
Table VI. Experimental values for b(u) at cosf =-1.

b (BeV/c) s (%) aw?) 9% (cos6™-1)  b(mb)
'3 dQ2
1.5 191.0 10 2.40+0,47 138+ 16
2.0 240.0 ' 8 0.40+£0,15 64+12

2.5 289.0 7 -0.15+0.10 45+ 15
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FIGURE CAPTIONS

Fig. 1. Horizontal section of the apparatus. The heavy lines represent

scintillation counters, - Those labeled'S are the spark chamber trigger
. counters; é indicates anti-counters: E is the target defining counter,
A typical scattering event is indicated schematically.

Fig. 2. Elastic-differential cross section at 1,5 BeV/c for ir++p ‘and T +p
(forward point from reference 9; other data from reference 8) in-the
barycentric system against the angle of the scattered pion in that system.
The backward peak at cosf= - 1 inthe m +p cross section is a result

. of the fitting procedure,

Fig. 3. Elastic-differential cross section:at 2.0 BeV/c for -rr++p and ™ +p
(two. most forward points from reference lO;-,othei‘ data. from reference
8) in the ba,_rycentric system against the axi'gie of the scattered pion in
that system,

Fig., 4, Elastic-differential cross section at 2.5 BeV/c for 1T++p and 1 +p
(from reference 8) in the barycentric system against the angle of the
scattered pion in that system.

Fig, 5. Diagrams for processes dominating backward scattering.
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This report was prepared as an account of Government
. sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

B

"A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained 1in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

.B.  Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or. employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
: with the Commission, or his employment with such contractor.
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