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likely to us that monopoles, with a charge » of less
than 4 and a mass less than 15 BeV/¢?, probably do
not exist.

Note added in proof. Since the monopole flux rates
are well-defined measurements not subject to model-
dependent interpretations, these rates should be used
as a basis for comparison with other cosmic-ray experi-
ments. The upper limit on the rate reported in the
present experiment is smaller than that reported by
Malkus® by a factor of 7000, and smaller than the rate
estimated by Goto et al.®® by a factor of about 20. In
an accelerator experiment, Purcell ef al.? set a cross
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limit about two orders of magnitude lower than our
estimated cross section for 3 BeV/c? monopoles. The
accelerator proton flux at 30 BeV was 80 times larger
than our flux at 30 BeV and above.
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Measurements have been made of the differential cross sections for #+p and #—p elastic scattering at
incident beam momenta in the range 875 to 1579 MeV/c. Two arrays of scintillation counters were used to
detect pions scattered from a liquid-hydrogen target in coincidence with recoiling protons. In each of the
25 angular distributions, data were obtained at 18 center-of-mass angles varying from cosg*=—0.97 to
cos6*=0.75. The differential cross sections have been expressed as series of the form de*/dQ=3", C,%P,

30 SEPTEMBER

X (cos6*). The energy dependence of the coefficients C,* suggests that N*(1688) has J=%, I =4, that
N*(1928) has J =%, I=%, and that these two resonances have the same parity. The “shoulder” in the =+p
total cross section at about 950 MeV/c probably occursin a J =} wave.

1. INTRODUCTION

IN recent years extensive evidence has been obtained
for the occurrence of resonant states in the =V
system. Some of this evidence is plotted in Fig. 1
which shows the #—p and #+p total cross sections in
the range 5002500 MeV/c.}~'7 The figure also indicates
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MeV/c and 1030 MeV/c, conventionally attributed to
to the formation of the resonant states N*(1514)
and N*(1688). In the mtp channel, there is a peak at

Z—_P COUNTERS

F16. 2. Beam layout (not to scale).

about 1480 MeV/c [N*(1928)] and a shoulder at
950 MeV/c.

It has not previously been possible to make parity
assignments to the N*(1688) and N*(1928) states. In
order to obtain these quantum numbers a series of
measurements has been made at Nimrod of differential
cross sections and polarization effects for n*p elastic
scattering in the momentum range 875-1579 MeV/c.
Preliminary reports have already been given®'%;
the present paper reports in detail the results of the
differential cross section measurements.

II. EXPERIMENTAL ARRANGEMENT

Figure 2 shows the layout of the beam. Pions were
produced by causing the Nimrod internal beam to
strike a beryllium target placed in one of the straight
sections. This target was 10 cm longX 1.5 cm wideX 0.6

18 [ H. Atkinson, C. R. Cox, P. J. Duke, K. S. Heard, D. P.
Jones, M. A. R. Kemp, P. G. Murphy, J. D. Prentice, and J. J.
Thresher, Proc. Roy. Soc. (London) A289, 449 (1966).

19 P, J. Duke, D. P. Jones, M. A. R. Kemp, P. G. Murphy, J. D.
Prentice, J. J. Thresher, H. H. Atkinson, C. R. Cox, and K. S.
Heard, Phys. Rev. Letters 15, 468 (1965).
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cm high; the pion production angle of 26° therefore
gave an effective source 5 cm wideX0.6 cm high. The
beam momentum was defined by counters B1, B3, and
the bending magnet M2, calibrated to £=1%, by means
of floating-wire measurements. A momentum disper-
sion at Bl of 239,/inch was provided by the magnet
M1. At 7.3 GeV internal beam energy, 10 protons
per Nimrod pulse incident on the beryllium target pro-
duced 30 000 =~ mesons per pulse at a mean momentum
of 1030 MeV/c, with a momentum spread of 43%, (full
width at half-maximum).

The counter arrangement used is shown in Fig. 3.
B2 and B3 defined the beam; A1 and A2 were veto
counters which rejected events in which particles were
scattered from points outside the fiducial volume of
liquid hydrogen, which was defined in the vertical plane
by B3. The scintillator in B3 was 1% in. thick and
was mounted in an air light-pipe. The inner vessel of
the target was a vertical cylinder 4 in. highX4 in. in
diameter, with walls of 0.01-in. Melinex and the outer
vessel has a 0.05-in. Melinex window.

A trigger generated by the coincidence Bl B2 B3
T A1 A2 (with a resolving time of 7 nsec full width at
half-maximum) indicated that a pion interacted in the
liquid hydrogen to produce at least one charged particle
moving through the counter T towards the = array.
(Protons present in the beam for #* runs were rejected
by the B1 B2 B3 timing requirement.) The event was
recorded if in addition a count in one and only one =
counter and a count in one and only one p counter were
in coincidence with this trigger within an over-all
resolving time of 20 nsec. The water Cerenkov counter,
WC(w), was used in coincidence with 7 counters in the
laboratory angular range 36° to 65° to reject events in
which protons scattered into these counters (see below).
Figure 4 shows a block diagram of the electronics.

Solid angles for elastic scattering were defined by the
« counters. The p counters were made slightly larger
than necessary to count all the protons conjugate to
elastically scattered pions. For each event, the outputs
from the appropriate = counter and p counter were en-
coded to form a work of 9 binary bits. This word defined
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an address in the core store of a Laben pulse-height
analyzer and the contents of this address were then
increased by one. In this way all possible coincidences
between each w counter and any p counter were re-
corded. The deadtime associated with the recording
of an event was 40 usec. The accumulated information
in the core store was typed out and also punched on
paper tape at regular intervals. Typically, in one hour of
running 4X10° incident pions produced =10 000
stored events. Beam bursts were about 250 msec long
with negligible rf structure. The repetition rate was 23
bursts per minute.

Typical plots of the coincidence rates in some of the
w counters as a function of p counter number are shown
in Fig. 5. For 7 counters with laboratory angles §<90°
it was possible to detect “reverse elastic” events in
which the roles of the = and p arrays were interchanged.
Just forward of 90° the kinematics (Fig. 6) were such
that the forward and reverse elastic peaks were separ-
ated [Fig. 5(b)]. In the range §=36° to 6=65° the
water Cerenkov counter was used to reject protons
which would otherwise have produced reverse elastic
events overlapping the forward peak [Fig. 5(c)]. For
6<36° reverse elastic events either were separated, or
did not appear because the pion was scattered through
more than 90° and was not detected by the p array
[Fig. 5(a)]. In the region 6>90° reverse elastic events
were not possible [Fig. 5(d)].

III. CORRECTIONS TO THE DATA

Significant corrections to the basic data were needed
to account for the following effects:

Aa)
(B)
©
(D)
(E)

Beam contamination

Beam absorption

Absorption of scattered particles
T-counter efficiency

Water counter efficiency

Proton-counter geometry

Detection of pions in = counter light-pipes
Tonization loss of low-energy recoil protons
(I) Effective thickness of target.

A. Beam Contamination

For =t runs, 809, of the beam particles were protons.
On account of the difference in times of flight between
the protons and pions the protons failed to satisfy the
B1 B2 B3 timing requirement. The contribution to the
observed beam rate from accidental coincidences was
measured to be (3.541.0)9. There was also a 49
probability that a proton was at the target close enough
in time to a pion (within 20 nsec) to simulate a genuine
event if it scattered. This made it necessary to correct
the observed rate in those forward = counters not in
coincidence with WC(r). Because of the differing
kinematics of wp and pp scattering, at low momenta the
pp peak for w3 was resolved from the wp peak. The
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I'16. 4. Block diagram of electronics. In any one run only 16
of the 18 counters were connected.

height of the resolved pp peak was used to estimate the
corrections for other counters and momenta using the
known behavior of the pp differential cross sections.?
In general the corrections were in the range 5-109.
The errors on the corrected points were increased by a
factor 1.1 to allow for uncertainties in these calculations.

In addition both the =+ and the =~ beams were con-
taminated with muons and electrons. The beam com-
position was analyzed with a gas Cerenkov counter
filled with Arcton 13 (CCIF;) placed immediately up-
stream of B3. Information from curves of counting rate
against gas pressure was supplemented by absorption
measurements using iron plates. The total lepton con-
tamination was found to vary between (8=4=2)9, at 875
MeV/¢ and (42-1)9, at 1579 MeV/c.

B. Beam Absorption

The pion flux reaching the center of the liquid-
hydrogen target was less than that recorded owing to
absorption in B3, the target walls, and the liquid
hydrogen. The size of this effect, which depended on
beam momentum and the sign of the charge of the
incident pions, was about 19.

C. Absorption of Scattered Particles

Absorption of the scattered pions in the target and
counter 7 and of the recoil protons in the target was
calculated from the known values of elastic and total
cross sections. The effect was usually =29, except for
low momentum =t runs where pions with large scatter-
ing angles had laboratory momenta close enough to the
peak of the - resonance (310 MeV/c) for the correc-
tion to be as large as 7%. In each case the uncertainty

20 W. N. Hess, Rev. Mod. Phys. 30, 368 (1958).
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in the correction was negligible compared with the
statistical accuracy of the data.

D. T-Counter Efficiency

This was measured to be (99.0£0.5)% for all pion
scattering angles.

E. Water-Counter Efficiency

The water-counter was placed in a low-intensity =~
beam with the counters m4-78 in the same positions
relative to it as in normal operation. It was thus possible
to measure in turn the efficiency of each of the five
w-counter, water-counter combinations. The measure-
ments gave results in the range 95 to 989, with un-
certainties of +39%,.

F. Proton Counter Geometry

Ideally, the p array should have presented a con-
tinuous expanse of scintillator to recoil protons. On
account of the “one and only one” requirement of the
logic, overlaps due to misalignments and nonzero thick-
nesses of the scintillators were operationally indis-
tinguishable from gaps between the counters. The cor-
rections for losses due to these two effects were deduced
from a survey of the counter positions, and were found
to be in the range 0-5%, (usually about 2%), with
negligible uncertainty.

G. Detection of Pions in =« Counter Light-Pipes

The heights of the p counters were slightly larger
than required for two-body kinematics, to allow for

- | :

«d- @LAB=25° oot @ LAB=69°

2.95mb/sr

| 0.55mb/sr

NUMBER OF COUNTS

© LAB=43° © LAB=95°

0Mmb/sr

200} 1.8mb/sr

F1c. 5. Plots of typical coincidence counting rates between = and p
counters. (a) §=25°% (b) 8=69°; (c) §=43°; (d) 6=95°.
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multiple scattering of the particles. As a result, it was
possible to count elastic events in which the pions were
detected by means of Cerenkov light produced in the
Perspex light-pipes of the 7 counters. For each = counter
the counting efficiency was measured at various posi-
tions on the light-pipe over a range of incident beam
momenta. The results were combined with geometrical
factors to give over-all corrections which were usually
about 19%. In two cases low-discrimination levels gave
corrections of (842)%.

H. Ionization Loss of Low-Energy Recoil Protons

For beam momenta below 1080 MeV /¢ and elastically
scattered pions reaching the most forward = counter,
not all the recoil protons had sufficient energy to pro-
duce a count on reaching the scintillator of a p counter.
Calculations of the required corrections were made and
the estimated errors of the points affected were increased
to allow for the uncertainty in the knowledge of this
threshold energy and of the energy loss of the very low
energy protons in the counter wrappings. In the worst
case (cos6*=0.823 at 875 MeV/c) the correction factor
was 1.2540.06; for cos6*=0.811 at 975 MeV/c it was
1.06-£0.04.

I. Effective Thickness of Target

The effective thickness of the target differed from the
nominal diameter because of

(a) contraction on cooling to liquid-hydrogen tem-
peratures, which amounted to a 0.6%, effect,

(b) the horizontal extent of the beam. This gave a
(6.04=0.5)%, reduction, which came mainly from the
curvature of the target walls. The correction was not
very sensitive to the shape of the intensity distribution
across the beam.

1V. CALCULATION OF DIFFERENTIAL
CROSS SECTIONS

A computer program was written which calculated
the center-of-mass differential cross sections from the
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numbers of elastic events associated with the w-counters.
Corrections were made for the effects discussed in Sec. 3
and for the presence of backgrounds. The latter were
obtained for each momentum by fitting a surface to
the experimental data in the space of counting rate
versus = and p counter angles, the points inside the
forward and reverse elastic peaks not being included.
This surface was divided into three regions to allow for
the discontinuities in the background caused by the
water Cherenkov counter. It was then used to estimate
the background under the elastic peaks and the ap-
propriate subtractions were made.

V. RESULTS

The differential cross sections obtained are shown in
Figs. 7 and 8. The points at 0° are taken from dispersion-
relation calculations.?!

VI. ANALYSIS OF THE DATA

The measured differential cross sections do/d) were
expanded in terms of the Legendre polynomials
P, (cosf*):

(do/dQ)(rp)= 3 CutPa(cost®), (1)

where 6* is the center-of-mass scattering angle. Values

21 C, Lovelace (private communication).

of the coefficients C,* were obtained from a least-
squares fitting program. Fits were made both with and
without the forward point (6*=0°) included. No
statistically significant difference between the two sets
of coefficients was found; the additional information
present in the fits with the forward point included
allowed considerably more precise values of the higher
coefficients to be calculated.

The expansions were made in terms of the functions
P, (cos6*) rather than cos™6* on account of the smaller
correlations among the expansion coefficients obtained.
The fitting program calculated values of the coefficients
which minimized the quantity

N max

> CpEP,(cost*) ]2,

x?=2 (1/Ar#)[ri—
i n=0

where 7,4 Ar; is the measured cross section observed at

angle 6;*. It is easily shown?? that this is equivalent to

solving for C,* the equations

Um= Zn Cn:{:Vnm y
where
Un=23: (r:i/Ar®)Pn(cosb®)
and
V= Vaun=23i Ar;"2P,(cos0.*) P,.(cos8:*). (2)

22 J. Orear, University of California Radiation Laboratory
Report No. UCRL 8417 (unpublished).
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The error matrix E is defined by V=1, in terms of which
the rms errors AC, are given by the diagonal elements

(AC,)*=Eun. 3)

The corrections between the coefficients are given by
the off-diagonal elements. Thus the condition that for a
given order of fit no correlation exists is that V,. be
diagonal. If

(a) the errors Ar; are equal,

(b) the measurements are made over a large number
of equally spaced values of cos8;* covering the whole
range —1<cosf;*<+1

1 +1
Vam = — P, (cost*)P,.(cos8*)d (cosb*)
Ar? 1
1 20un
-—— " @
A2 2n+1

If expansions are made to order % and 24-1, the values
of the coefficient C,*(n<k) obtained in the two cases
are given by

5
Cot=3 (VunlUpn=(V""14Uyn (no summation)

m=0
and
k41
Clni‘: Z (Vl“l)nmUm= (V/—l)nm(/n y
m=0

where V and V' are diagonal matrices of order %241

CROSS SECTIONS

1085

kX

1360 MeV/c R~

2.0}

&%)

1 " L ! 1 1 1
1.0 OIJ 0.6 0.4 o2 0.0 -0.2 -0.4 ~-0.6 -0.8 -1L.o

cos O™

1505MeVe N~

2,0F

trAA

L L L s s L L L o
1o 0.8 0.6 0.4 0.2 0.0 -0.2 -04 -06 -08 -1.0

cos 6%

1579Mev/c I1°

' s ! ! ! L "
1o O:! X3 0.4 0.2 0.0 =0.2 -0.4 -0.6 -O.8 -1.0

\cos @ ¥

F16. 8 (continued)

and k+2, respectively. From Eq. (4) it follows that
(VY = (V'Y for n<k. Therefore,

Cox=C,'= for n<k.

In practice the independence of the coefficients is
remarkably high, even though the matrix ¥ has ap-
preciable off-diagonal elements. The value of #max
required at a given momentum was deduced from the
behavior of the goodness-of-fit parameter G=X?%/d,
where

d=No. of degrees of freedom

= (No. of points fitted—#%max—1).

X2 has a Gaussian distribution with mean d and standard
deviation (2d)'/2. Thus G should have mean 1 and stand-



1086 DUKE, JONES, KEMP,

MURPHY,

PRENTICE, AND THRESHER 149

AN
' ! 875 'Mcv/c\ T ! ' 925MeVk ' ' i 950 MeVic
2\ + - 4+ .
o t + + } t + t f t t t t
975MeV/c 1000MeVe I030MeV/c
2 b 4 4 i
xzo t + —+ + : + ! ¢ t t + v
1080MeVk \’_P‘{/H 1180MeV/e 1280MeV/c
2+ + + 4
e + 4 \]\H__)/{ 4
o } : : ] : 1 1 I ‘} i it }
1360MeV/c ' T 1505MeV/c ) ' 1579MeV/c
2 +4 <+ 4
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o 1 1 1 1 1 1 1 1 A 1 A 1
4 6 8 10 12 4 6 8 10 12 4 6 8 10 12

ORDER OF FIT [Nmax)

F16. 9. Goodness-of-fit parameter G for #*p elastic scattering.

ard deviation (2/d)!? for correctly chosen #max and
well estimated errors Ar;. The choice of #max for each
momentum was made by inspection, bearing in mind the
expected fluctuations in G. Figures 9 and 10 show the
variation of G with #nax for each of the 25 angular
distributions, and Table I contains the values of 7max
finally chosen. The distribution of (G—1) appropriate
to these values of 7#max is shown in Fig. 11, and angular
distributions calculated from the corresponding values
of C,* are plotted as continuous curves in Figs. 7 and 8.
Distributions of the deviations of the experimental points
from the fitted curves are shown in Fig. 12. These are
consistent with the expected Gaussian distributions.

Two of the 450 points were about three standard
deviations from the fitted curves. [These two points
(cos6*=0.823 for 875-MeV/c nt and cos6*=0.602 for
1000-MeV/c 7t) were rejected and the final fits obtained
without them.]

Figures 13 and 14 give the behavior of C,* as func-
tions of momentum. Discontinuities in the higher order
coefficients have been avoided by plotting the results
obtained from 7th-order fits throughout, even though
5th- or 6th-order fits were adequate in many cases. This
procedure did not cause significant changes in the
values of the coefficients obtained from the lower order
fits.

\!\)/*\‘\H - [

925MeVjc 975Mev/c

[e]

|006M¢V/c
2t \’\‘\'—‘ 1
l - -
— t

} ]
I030MeV|c 1055MeV|c

° } i = i $ B —+ $ i
1080MeV/c ; _ 118OMeV/c E 1280MeV/c
2, 2 T T T
y 92 L 1 1
o t t t + \] t t + + t t }
W 1360MeV/c 1440MeV/c 1505M eV ¢
2F 4 41 i
1k —+ 4 -
c s 'l 1 i 1 1 = : } 4
' " 1579Mev/e ‘ ' ' '
2+ 1 4 .
I - -+ - -
c A 1 A 'S 1 1 1 1 1 1 1 1
4 6 8 10 12 4 6 8 10 12 4 6 8 10 12

ORDER OF FIT (N max)

F16. 10. Goodness-of-fit parameter G for 7~ elastic scattering.
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Tasre II. Values of the coefficients a,*+ in the expansion. do/dQ
=3 n CoPp(cost*) = i<j,j an* Re(A:*4;)Pn(cost™).

1o 2 1
AJA,' Co Cl C2 C3 C4 Cs Cs C1 Cs
al
F1c. 11. Distribu- ng ! 2
tion of x=(G—1) for o PiPL1
the orders of fit P3sS 4
: n(x)
shown in Table I. G
h P3P1 4
is the goodness-of-fit at ] P3P3 2 2
parameter. D3S 4
2 D3 P1 4
[ D3 P3 0.80 7.20
D3 D3 2 2
L . . . D5S 6
-1.0 -0.5 o] 0.5 [Ne} .S DS Pl 6
x= (6=1) D5 P3 7.20 4.80
D5 D.; 1.71 10.29
D5D5 3 343 2.57
VII. INTERPRETATION OF RESULTS; SPINS F5S 6
OF N*(1688) AND N*(1928) F5P1 6
F5P3 1.711 10.29
A. General F5D3 7.20 4.80
. . . . . F5D5 0.51 3.20 14.29
The differential cross section may be written in the F5F5 3 3.43 2.57
form do/d=| 1(0%)|*+ | g(6%)]* Fp ;
o = F7P1 8
§ ’ F1P3 10.29 571
Tasre I. Orders of fit used to obtain the coefficients C,* in the g; gg 10.29 §'67 lgﬁ
b ¢ . .
expressions do*/dQ2=3_, CntPp(cos6*). F7F5 1.14 4.68 18.18
FTF7 4 476 4.21 3.03
Order of fit G1S 8
_ + G7P1 8
Momentum (MeV/c) T ™ CIP3 567 13.33
875 5 5 G7D3 10.29 5.71
925 6 5 G7D5 1.14 4.68 18.18
950 ‘. 5 G7F5 10.29 8 5.1
975 7 6 GTF7 0.38 2.18 6.59 22.84
1000 7 6 GI1GT 4 4.76 4.21 3.03
1030 7 6 G9S 10
1055 7 .. G9 P1 10
1080 7 6 G9 P3 13.33 6.67
1180 7 6 G9 D3 3.64 16.36
1280 7 6 G9 D5 14.29 9.35 6.36
1360 7 6 G9 F5 1.82 6.15 22.03
1440 7 ces GI F1T 13.33 10.91 9.23 6.53
1505 7 7 G G7 0.87 3.24 8.48 27.41
1579 7 7 G9G9 5 6.06 5.66 4.85 343
@ (b)
100}t + .
80} /\ + /\ .
’ \
60 + 4
n(8)
40f + 1
20 =+ -1
3 = 3 I S = = S+ ¥2 =3

& —=

& —»

F1c. 12. Distributions of the deviations of the measured cross sections from the fitted curves for the
orders of fit shown in Table 1. (a) #*p; (b) 7 p.



1088 DUKE, JONES,
FQQ.M!QQQ_, 1200 1400 1600 800 1000 1200 1400 1600
+2r Co + <

ot

X
t
o]

o

-
> !
<
5 42+ - 4
£
£
te
L,

CM r TR

T
Cs Cy
+2F + E
i i
+E —+
1 1
ol R e L !

600 600 1006 1200 1400 1600

[P (Mev/e )]

Fi1c. 13. Expansion coefficients for #*p elastic scattering ob-
tained from 7th-order fits at all momenta. The points denoted by
crosses at 827, 1003, 1121, 1440, and 1690 MeV /¢ are taken from
Helland et al. (Ref. 6).

L L L
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where

f(0*)=§ [(I+1) Ay +14,_]Pi(cosb*)

and

L
g(0%)=3" [An— A Isin6*P/(cosf*).

I=1

Ay and 4, are the scattering amplitudes for waves
having J=I4% and J=I—% respectively. If do/dQ
is written in the form of Eq. (1), then CpE=3_<j,; an™?
XRe(4:*4;). Here A;=Au etc. Table II gives the
values of « for I<4.

B. Spin of N*(1928); the “Shoulder” in
=P Scattering

The main features of the coefficients plotted in Fig. 13
are the peaks at about 1480 MeV/¢c in Cgt to Cst;
C++ and Cs*+ (not shown) are very small. Detailed con-
siderations of this behavior show that the only reason-
able explanation is that the peaks are caused by a
resonance in a J =7 partial wave amplitude.!® The small
values of the higher coefficients indicate that the non-

resonant J=7% amplitude of opposite parity and all
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other amplitudes with larger values of J are small. The
coefficients Cot and Ci+ have a shoulder at about 950
MeV/c. This effect, presumably related to the shoulder
in the total cross section, does not appear in the higher
coefficients, which suggests that it is caused by an in-
teraction in a state having J=1%.

C. Spin of N*(1688)

In Fig. 14: (a) There are large peaks at 1030 MeV/c
in Cy~ to C5™, (b) Cs~ and C;~ are small but not negligi-
ble, (¢) Cs~ and Cy~ are not significantly different from
zero.

The simplest explanation of these features is that
there is a large Ds;s-F5,s interference term present, with
a resonance in at least one of these states.” Comparison
of the present data with results from charge-exchange
scattering? indicates that both the Dj. and Fsj
amplitudes are predominantly in the =% state. This
is shown by writing the differential cross sections in
terms of the scattering amplitudes a1 and a3 for states
having isotopic spin % and £, respectively,

do/dQUr=p — 7=p) =5[] as| >+4| a1 244 Re(ar*as) ],
do/dQ(x~p — 7%n)=1[2| as| *+2| a1| *—4 Re(ar*as)].

800 1000 1200 1400
T T T

1600
T

1600 800 1000 1200 1400
T T T T

[em mbrse))

~
T
o
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o
o
L

Cy -

L Ce 1
R /“”';.'!‘lx

) L 1 \ L L L
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F1e. 14. Expansion coefficients for =~ elastic scattering ob-
tained from 7th-order fits at all momenta. The points denoted by
(Erosse% ;1‘[ 827, 1003, and 1121 MeV /c are taken from Helland ef al.

Ref. 7).
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The value of Cs® for charge exchange scattering has a
peak of 0.604-0.15 mb. This is consistent with the
peak above the background in Cs~ of about 1.5 mb ob-
served in this experiment, if both amplitudes have
T=3.

Finally it is interesting to note that the behavior of
C¢ is readily explained as a consequence of interference
between the real part of a J =$§, I =% resonant amplitude
for N*(1688) and the real part of a J=%, I=% ampli-
tude describing the N*(1928), provided that these
have the same parity.

A more detailed discussion of the interpretation of
the results of this experiment will be given in a paper
(to be published) describing polarization measure-
ments in the same momentum range.
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VIII. CONCLUSIONS

N*(1688) has I=%, J=3%; N*(1928) has I=3%,
J=1%. The two resonances probably have the same
parity.
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Pion-Pion Interactions in =~ p Reactions at 2.1 BeV/c*

E. West,f J. H. Boyp, A. R. ErwiN, aAND W. D. WALKER
University of Wisconsin, Madison, Wisconsin
(Received 28 April 1966)

An analysis is given of the interactions of two pions as they result from the reactions of negative pions
incident upon protons with a momentum of 2.1 BeV/c. A historical background of the motivation for the
experiment is given and experimental techniques for dealing with the data are described, from the points of
view of both event-by-event analysis and the physical theories which aid in the understanding of the results.
Cross sections are given for the various reactions and are inferred by Chew-Low methods for pion-pion
scattering. Evidence is presented which indicates that two resonant states in addition to the p meson and
N3;2*(1238) are present in these reactions: (1) the Nj»*(1920), whose existence in other reactions is well
established, and (2) the T'=0, s-wave pion-pion interaction, which is still in doubt, known as the €, the
evidence for which stems from an analysis of the decay distribution of the p% Finally, corrections to the one-
pion-exchange model which involve pion-nucleon scattering vertices are made in an attempt to determine
more accurately the low-energy, 7 =0, s-wave pion-pion scattering cross sections, the results suggesting a

range of about 10-15 mb in the region below the p.

I. INTRODUCTION

HE development of bubble chambers, and espe-
cially of liquid-hydrogen bubble chambers, has
allowed the accumulation of a vast body of empirical
data involving inelastic interactions between fundamen-
tal particles.

Many of the properties of these resonances are well
measured and in several cases accurate predictions were
made on the basis of earlier data. For example, the
earliest data on pion production in pion-nucleon col-
lisions indicated that above an energy of 1 BeV a small
momentum transfer to the nucleon is preferred.! This
observation has led directly to our present recognition
that the one-pion-exchange (OPE) interaction is an
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